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CHAPTER 1 
GENERAL INTRODUCTION 
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GENERAL INTRODUCTION 
1.1 CLINICAL CONSIDERATIONS 
Correcting dentofacial disharmonies and malocclusions in the growing child, 
the orthodontist attempts to interfere with craniofacial growth and the 
development of the dentition. Different kinds of orthodontic appliances 
exerting mechanical forces on the dentofacial complex are used. These 
exerted extrinsic mechanical forces interfere with the existing biological 
force system. Therefore knowledge of the growth and growth regulation of 
the skull and its adaptive capacities is essential for reaching optimal 
results in orthodontic and dentofacial orthopedic treatment. 
Growth and remodelling of bone take place by a process of apposition and 
resorption. Bone apposition can be found at various sites: endochondral, 
sutural, periosteal and endosteal. The skull is the only part of the body 
which exhibits all these four types. Combined and interrelated activities 
at various growth sites change size and shape of the skull. Growth of the 
skull is too regulated by surrounding structures. Change in dimension of 
these structures and change in the forces exerted during their function 
influence the apposition and resorption pattern at bony surfaces. 
Aim of the study presented here, is to gain more insight into the biologi-
cal response of one of these sites of growth, i.e. the sutures, to mecha-
nical forces. 
1.2 CONCEPTS OF SUTURAL GROWTH REGULATION 
Sutures form connections between craniofacial bones. They absorb forces 
(Pritchard et al., 1956), they act as joints that permit relative movements 
between bones (Pritchard et al., 1956) and they play a role as growth 
centres in the skull (Massler and Schour, 1951; Weiranann and Sicher, 1955). 
The regulation of sutural growth has been subject of many studies, and many 
opposing opinions have been presented. In broad sense three concepts of 
sutural growth regulation can be distinguished. According to authors like 
Massler and Schour (1951),. Weinmann and Sicher (1955) and Prahl (1968) 
sutures are autonomous growth centres, having an intrinsic growth potency. 
In the view of Young (1959), Scott (1962), Moss (1972) and Hoyte (1975) 
sutures are adaptive growth sites, their activity predominantly determined 
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by surrounding structures. In the concept of Van Limborgh (1972) sutural 
growth is mainly controlled by epigenetic and local environmental factors, 
whereas intrinsic and general genetic factors as well as general environ-
mental factors are thought to play only a minor role. 
1.3 SUTURES AND FORCES 
Adaptation of sutures to altered functional demands, i.e. altered biomecha-
nical circumstances, can be observed in transplantation experiments 
(Engdatil et al., 1978; Oudhof, 1982) and in experiments in which external 
forces were exerted on a single suture (Ten Cate et al., 1977; Brin et al., 
1981) or on a suturai complex (Brandt et al., 1979, Jackson et al., 1979). 
Only a few studies are known in which an attempt was made to quantify the 
relationship between external forces and the resulting tissue response in a 
suture. An accurate study of the biological tissue response of a suture to 
a force system requires that all aspects of the force system can bo identi-
fied. Under in vivo conditions it seems impossible to control all force 
variables that may influence the force system. This suggests the value of 
developing a mechanically defined in vitro model. 
Because of reported traumatic tissue responses (Murray and McCleall, 1971; 
Ten Cate et al., 1977; Brin et al., 1981) shortly after the placement of a 
mechanical force this type of investigation is only possible if the sutural 
complex can be kept in culture under vital conditions for at least one 
week. In in vitro studies with craniofacial sutures, however, culture 
periods up to four days are mainly reported since cell viability in the 
suture would strongly decrease using longer culture periods. 
Furthermore, this traumatic tissue reaction makes it difficult to gain 
information about a physiologic response of the sutural tissue to the 
applied forces. A quick separation of the bony edges is known to cause a 
heavy traumatic tissue response (Storey, 1973). From published data (Hicko-
ry and Nanda, 1987) in which forces were applicated in vitro we concluded 
that forces have to be smaller than 0.2 gf to get a slight continuous 
separation of the sutural bones. No force transmitting system has been 
reported which can produce reproducable light forces smaller than 0.2 gf. 
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1.4 AIM OF THE STUDY 
This study wants to contribute to the elucidation of the regulation of 
suture growth and development and more specifically the role of biomecha-
nical factors in this process. As a model the coronal suture of the neo-
natal rat is chosen. Prerequisites for this study are the development of a 
culture system to enable culture periods of at least seven days and the 
development of a force system to apply defined forces smaller than 0.2 gf. 
The following questions are posed: 
- Does the coronal suture express an intrinsic growth potential? 
- How do various biomechanical stimuli affect the growth and development of 
the coronal suture? 
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SUTURES AND FORCES: A REVIEW 
ABSTRACT 
This review gives a description of the biologic significance of craniofa-
cial sutures with respect to growth and growth corrections. Sutural growth 
and its regulation are discussed briefly. Morphogenesis of sutures, sutural 
morphology, both microscopic and macroscopic, the structure and function of 
the sutural periosteum and secondary cartilages, and the biochemical compo-
sition of sutures are described. Furthermore, in vivo and in vitro experi-
ments, including transplantation experiments, are discussed. The relation-
ship between extrinsic mechanical forces and the resulting tissue responses 
in sutures is given special attention. The present article describes the 
state of our knowledge on the interaction between sutures and forces, and 
indicates problems that need to be investigated. 
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INTRODUCTION 
In 1880, Kingsley described an appliance that could influence the position 
of the dentition in the upper jaw with the aid of extraoral forces. Kloehn 
(1947) drew renewed attention to the use of extraoral traction. However, 
scientific research into the effects of extraoral traction in human sub-
jects did not start until the early 1950s and animal experiments were per-
formed from the 1960s. These studies showed that, by applying mechanical 
forces, not only the position of the dentition could be changed, but more-
over that the growth of the entire maxillary complex could be modified by 
influencing sutural growth. The present article gives a review of the 
knowledge of sutural tissue response to extrinsic mechanical forces. This 
knowledge is essential for the clinician who interferes with the growth of 
craniofacial structures, notably the sutures, and the developing dentition 
in order to correct dentofacial disharmonies. 
In the present article, sutural growth and its regulation will be discussed 
briefly. Morphogenesis of sutures and sutural morphology, both microscopic 
and macroscopic, will be described along with the structure and function of 
the sutural periosteum and secondary cartilages and the biomechanical 
composition of sutures. Furthermore, in vivo and in vitro experiments, 
including transplantation experiments, will be discussed with regard to the 
sutural response to mechanical forces. 
In this review the term 'suture' refers to the entire complex of cellular 
and fibrous tissues lying between, and surrounding the opposing edges of, 
two skull bones, and including the bony edges. 
SUTURAL GROWTH AND ITS REGULATION 
The majority of the facial and cranial bones of the vertebrate skull are of 
intramembranous origin. Growth of these bones takes place by apposition and 
resorption at the periosteal surfaces (Mair, 1926; Young, 1962; Conforti, 
1964), and by sutural growth (Massler and Schour, 1951; Baer, 1954). Re-
shaping of facial and cranial bones occurs by apposition and resorption at 
the periosteal surfaces; an increase in thickness occurs by a higher appo-
sition than resorption rate. 
Expansion of the skull in a growing vertebrate is possible by the presence 
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of cranial and facial sutures. After cessation of growth, sutures may be 
closed by fusion (synostosis). Premature synostosis restricts growth adap-
tation and results in craniofacial deformaties, such as craniofacial dysos-
tosis and scaphocephaly. 
The sutures in the skull have several functions. They unite bones, they 
absorb forces (Pritchard et al., 1956), they act as joints that permit 
relative movement between bones (Pritchard et al., 1956), and they play a 
role as growth sites in the growing skull (Massler and Schour, 1951; 
Weinmann and Sicher, 1955). Troitzky (1932) attributed even bone growth-
limiting properties to the sutures. 
It has been questioned for a long time whether sutures are autonomous or 
active growth centers, or whether sutural growth is adaptive to the growth 
of surrounding structures. 
Advocates of the former view are Massler and Schour (1951), Sicher (1952), 
Baer (1954), and Weinmann and Sicher (1955). These authors claim the su-
tures to be autonomous growth centres having intrinsic growth potency like 
epiphyseal plates. Growth takes place by sutural tissue proliferation 
exerting a separating force on the bony edges. Prahl (1968) also believes 
that sutures are active growth centers. In an overlapping suture, the 
fibres connecting the ends of the bony edges run obliquely. Prahl claimed 
that shortening of these fibres during maturation can cause separation of 
the bony edges of the suture. 
The other view is held by such authors as Giblin and Alley (1944), Moss 
(1958, 1960, 1972), Young (1959), Scott (1962), Moore (1966), Moss and 
Salentijn (1969) and Hoyte (1975). They consider the suture to be an adap-
tive growth centre, its activity predominantly determined by surrounding 
structures. 
In the view of Moss, the nonskeletal tissues and the functioning spaces of 
the head, like the periosteal matrix and the growing brain being a capsular 
matrix, act like functional matrices (Moss, 1962, 1972), which determine 
skeletal and consequently sutural growth. Young (1959) already explained 
this by stating that intracranial pressure forces are converted by the 
sutural fibres in tension stimuli, which are known to stimulate osteoge-
nesis (Epker and Frost, 1965; Bassett, 1972). Prahl (1968), however, showed 
that sutural fibres in the coronal suture of young rats are directed in 
such a way that they can withstand extracranial pressure forces. Increasing 
the intracranial pressure initially leads to relaxation of these fibres. 
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Tensional forces will be exerted on these fibres only when the bony edges 
are separated sufficiently. 
In the concept of Van Limborgh (1970, 1972), which.is a synthesis of 
several earlier theories, sutural growth is controlled by few intrinsic 
genetic factors and many local epigenetic factors that originate in adja-
cent structures of the head and the skull cartilages. Furthermore, sutural 
growth is influenced by local environmental factors occurring in the forra 
of compressive and tensile forces. General epigenetic and environmental 
factors are thought to play only a minor role. 
A comparable view is held by Oudhof (1982). The results of his transplanta-
tion experiments suggested that the position and the structure of sutures 
are determined hereditarily. Environmental factors, however, are required 
for these characteristics to develop. Furthermore, Enlow (1968) assumed 
that the genetic information is inadequate to account for the morphologic 
complexity found in any given bone. 
Enlow (1982) stated that a suture is a growth region with "its own loca-
lized, specialized circumstances, just as all other parts of the bone have 
their own regional growth processes". 
The specific role of the mechanical circumstances has been detailed by Todd 
and Mark (1981), and Shaw et al. (1982). They state that pressure gradients 
(according to the hydrodynamic principle) imposed on the head by gravity or 
the contact of body parts can cause minor changes in shape. 
In conclusion, the theories of Weinmann and Sicher, and of Scott have had a 
great impetus on the development of conceptual thinking about craniofacial 
growth and its regulation. Today, however, the theories of Moss and Van 
Limborgh are of main interest because they explain many aspects of the 
regulation of sutural growth. 
SUTURAL MORPHOLOGY 
The anatomy of sutures is complex because sutures form an intermediary 
between bony and soft tissues. Each of these tissues has its own specific 
cell population. Insight in the sutural structure is a prerequisite for 
understanding the sutural tissue response to mechanical forces. The morpho-
genesis and microscopic morphology will be described first. Then the ma-
croscopic morphology, the periosteum, secondary cartilages and the biome-
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chanical composition of sutures will be discussed. 
Morphogenesis and microscopic morphology 
Pritchard et al. (1956) investigated the development and structure of cra-
nial and facial sutures in various animals and in man. All sutures they 
examined went through essentially similar stages of development. Five 
stages were defined: stage of approaching bony edges (figure la), stage of 
meeting of the bony edges (figure lb), early growing stage (figure 1c), 
late growing stage (figure Id), and adult stage. They observed that in the 
fetus the bones of the cranial vault approached each other within an al-
ready differentiated fibrous membrane. The facial bones, however, approach-
ed one another in loose cellular mesenchyme. 
In the literature there is no agreement as to whether the future location 
of the definitive suture is indicated by any special differentiation of 
cells or fibres. Troitzky (1932) describes fibrous barriers at the site of 
the presumptive suture in guinea pigs, rabbits and dogs. Markens (1974) ob-
serves a fusiform blastema at the site of the presumptive coronal suture in 
human fetuses and in fetal rat skulls. This blastema would determine the 
location of the coronal suture and the relative vertical position of the 
bony edges comprising the suture. The importance of this blastema was dis-
puted by Johansen and Hall (1982) because they did not observe it in fetal 
mice until the initial overlap of the osteogenic cell layers that extend in 
advance of the zone of visible mineralization of the bony edges. 
Normally the bony edges of the coronal suture in mice approach one another 
in different vertical planes (Johansen and Hall, 1982; FurtwMngler et al., 
1985). When this stratification failed, apoptosis, a form of cell death was 
observed following physical contact of the osteogenic cells of each bony 
edge (FurtwMngler et al., 1985). "Apoptosis appeared as part of a secondary 
morphogenetic mechanism preventing physical contact and resultant fusion of 
adjacent mineralized zones, as well as enhancing the appearance of the 
usual pattern of overlap of calvariai sutures". 
During the second developmental stage, the fibrous capsules of the facial 
bone territories become united by means of two fibrous laminae, internal 
and external layerd. These are called the uniting layers. When the cranial 
bones meet, the width of the intervening fibrous membrane decreases. Its 
remnants split into outer and inner uniting layers. Finally, the cranial 
and facial sutures have comparable microscopic morphologies. 
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Figure 1 
Stages in suture development. Histologie sections of the intermaxillary 
suture in Wistar albino rats. (Masson trichrome stain. Original magnifica­
tion χ 40). 
a. Approachting stage 
b. Meeting stage 
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Figure 1 
c. Early growing stage 
d. Late growing stage 
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In literature varying numbers of layers of cells and fibres are described. 
Weinmann and Sicher (1955) considered sutures to have a three-layered 
structure. Two peripheral zones lie adjacent to the bony surfaces and 
consist of dense connective tissue. The middle zone is highly cellular and 
contains loose connective tissue. 
Pritchard et al. (1956) considered sutures to be five-layered. Next to the 
bony edges, the cellular cambial layers are found and adjacent to these 
layers lie the fibrous capsular layers. Between the fibrous layers, a 
highly vascular middle zone is situated. Both the cambial and fibrous 
layers are continuous with the periosteum covering the surfaces of the 
adjoining bones. Enlow (1982) even distinguished seven layers in a suture. 
On the basis of their study of the development of the sagittal and coronal 
suture in rats from birth to adulthood, Ten Cate et al. (1977) suggested 
that a suture can best be considered as consisting of two cell populations: 
osteocytic and fibrocytic populations, depending on their target tissue. 
The number of cell layers is of minor importance. Because of this, all 
sutures essentially have a similar structure. Differences in fibre orienta-
tion and vascular distribution reflect more the functional state of a 
suture at any given time than the immutable characteristics of a particular 
sutural type. 
Between the bony edges of the suture, collagen fibres are found, which are 
attached by Sharpey's fibres to these edges. In rats from 8 to 18 days of 
age, the density of the collagen fibres increases with age (Persson, 1973). 
The direction of the fibres varies considerably among different sutures. 
Even within one suture there is no consistent fibrous pattern as shown in 
10-day-old rats (Koskinen et al., 1976). However, in adulthood the density 
of collagen fibres decreases both in man and in monkeys. In older monkeys 
these fibres are sparse. The remaining fibres are organized in bundles 
associated with localized areas of bony deposition (Kokich et al., 1979). 
The connective tissue in the frontozygomatic suture of human beings is 
eventually replaced by fatty marrow at old age (Kokich, 1976). 
In summary, the main elements of a suture are osteocytic and fibrocytic 
cell populations, fibres, and blood vessels. Controversial views exist on 
the arrangement of these tissues. There are various reasons for differences 
in observations - for example, differences between experimental animals and 
histological techniques, and differences between sutures or even within one 
suture. 
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Macroscopic morphology 
The shape of the bony edges of a suture basically can be distinguished in 
end-to-end and overlapping forms (Moss, 1957). End-to-end (or butt, flat or 
plane) sutures (figure 2a) are found mainly in the sagittal plane of the 
skulls of rats (Baer, 1983), rabbits (Koskinen, 1977), mice (Decker and 
Hall, 1985), and human beings (Sobotta and Becher, 1975). Overlapping (or 
beveled or squamous) sutures (figure 2b) are found in differently directed 
planes of the skull. 
In the view of Moss and Young (1960), all sutures initially have end-to-end 
forms. However, this view is criticized in the literature. For instance, 
the coronal suture in rats is formed overlapping (Markens, 197A; Johansen 
and Hall, 1982), and the same holds true for the frontonasal suture of the 
rat (Wagemans et al., 1986). 
With increasing age the bony sutural surfaces become more irregular because 
of an increase in number and length of the bony interdigitations (figure 
2c). For instance, Remmelink (1985), in his study of dry human skulls with 
a dental age ranging from 1 to 10 years, found that in general many of the 
maxillary sutural surfaces became progressively more tortuous and interdi-
gitated with increasing age. 
Furthermore, it has been shown, that comparable sutures can have different 
morphologies; even within one given suture, different morphologic aspects 
can be observed (Koskinen et al., 1976). 
Sometimes a local sutural synostosis is formed and, as a consequence, sutu-
ral growth stops in that area (Engstrom and Thilander, 1985; Engstrom et 
al., 1985). With metallic implants, used as fixed references, Björk (1964) 
has shown radiographically that sutural growth in boys normally ceases at 
17 years. However, if growth ceases, the suture is not necessarily closed 
immediately. Chopra (1957) found in monkeys high intraspecific and intra-
generic variabilities in time of suture closure, but noted that in each 
genus, the sutures closed in a fixed sequence. Kokich et al. (1979) observ-
ed in pigtail macaques that the frontozygomatic, the zygomaticotemporal and 
the zygomaticomaxillary sutures remain patent until at least 20 years of 
age. This observation is consistent with the finding in human beings that 
these sutures do not fuse until the seventh decade (Latham and Burstone, 
1966). In macaques, also the intermaxillary suture remained patent until 20 
years of age (Kokich et al., 1979). In human beings, however, the inter 
maxillary suture is closed at 18 years, although patency has been reported 
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Figure 2 
Examples of sutural morphology in Wistar albino rats. (Masson trichrome. 
Original magnification χ 40). 
a. End-to-end shaped suture: internasal suture, frontal view 
b. Overlapping suture: transverse palatal suture, sagittal view 
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Figure 2 
с. Interdigitating suture: premaxillomaxillary suture, sagittal view 
in some subjects at 28 years (Persson and Thilander, 1977). 
In conclusion, the morphology of the bony sutural surfaces becomes more 
complex with increasing age and eventually fusion of opposing bony edges 
can occur. Different morphologies exist not only between different sutures, 
but different morphologic characteristics also can be observed within a 
given suture. 
The periosteum 
In all bones the periosteum has an essential role in resorption and apposi­
tion of external bony surfaces, and in long bones the periosteum seems to 
play a role in the regulation of the growth activity of epiphyseal plates 
(Lacroix, 1948 and 1951; Tonna and Cronkite, 1962; Crilly, 1972; Warrell 
and Taylor, 1979; McLain and Vig, 1983 and Kuijpers-Jagtman et al., 1987). 
Marker studies of the periosteum of the growing nasal bone of the rabbit by 
Roskjaer (1977) and Koskinen-Moffett et al. (1981), and the periosteum of 
the growing palatal bones of the dog by Wijdeveld et al. (1987) showed that 
the fibrous periosteum moves in relation to the underlying bone. From these 
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studies it was concluded that elongation of the periosteum is a combined 
effect of stretching and of interstitial growth. 
Sutural secondary cartilages 
In the intermaxillary, interpalatine, vomeromaxillary, and frontal sutures 
of the rat, secondary cartilages are found during certain developmental 
stages (Beresford, 1981; Vinkka, 1982). The presence of these cartilages 
is regarded as a sutural adaptation to compression and shearing stresses 
(Pritchard et al., 1956) or to mechanical stresses in the sutures during a 
period of rapid growth (Friede, 1975; Forbes and Al-Bareed, 1986). There-
fore, mechanical forces seem to be responsible for the formation of secon-
dary cartilages. Precisely how mechanical forces control the differentia-
tion of precursor cells into either chondroblasts or osteoblasts is un-
known. Interestingly, in in vitro experiments, Hall (1968, 1972, 1978) 
observed that progenitor cells of avian membranous bone differentiated into 
chondroblasts if exposed to intermittent pressure. If exposed to constant 
pressure in vitro, or if allowed to differentiate in immobilized embryos, 
these cells differentiated into osteoblasts. It is also possible that two 
discrete progenitor cell populations exist, one chondrogemc and the other 
osteogenic (Stutzmann and Potrovic, 1975). 
Biochemical composition of sutures 
The biochemical composition of sutures can be studied with electrophoresis 
or immunohistochemistry. Topographic localization of agents is impossible 
with electrophoresis as for this technique the tissues have to be dissol-
ved. Immunohistochemistry makes it possible to study the localization of 
chemical constituents in histologic sections. 
Yen and Suga (1981) used electrophoresis to identify collagen types in 
interparietal sutures of adult mice as a means to monitor remodeling acti-
vity. Five percent to 10% of the newly synthesized sutural collagen was of 
type III. Meikle et al. (1982) observed in newborn rabbits that the colla-
gen synthesized by sutural fibroblasts under normal conditions was of type 
I. In stressed sutures, however, 20% of the newly synthesized collagen was 
of type III (see also under RESPONSE OF SUTURES TO FORCES IN VITRO). Yen et 
al. (1980) identified collagen types in the interparietal suture of adult 
mice by electrophoresis. Following expansion by 30 to 35 g orthodontic 
springs, the initial step in sutural tissue remodeling appeared to be a 
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high synthesis of type III collagen relative to that of type I collagen. 
Using immunohistochenustry, Yen and Suga (1982) studied the localization of 
type I and type III collagen in the interparietal suture of adult rats. 
Type I collagen was widely and abundantly present in the sutural fibres. 
Type III occurred much less. However, type III collagen was localized not 
only in the sutural fibres, but also on Sharpey's fibres and in endosteal 
spaces. 
Type V collagen was shown to be widely distributed in fetal and neonatal 
mice (Hall, 1986a). Accumulations were localized among cells of the "osteo-
genic induction front" of differentiating osteoblasts in differentiated 
osteoblasts and in associated vascular elements. Rosenberg et al. (1986) 
cultured calvariae of mice of 15 to 25 days (postconception) in vitro for 6 
hours. They demonstrated an increase in synthesis of a number of noncolla-
genous proteins, thought to be important during bone mineralization, con-
comitant with calvarial osteogenesis. 
Weed et al. (1986) demonstrated an in vitro increase in calvarial cell 
binding capacity to areas containing certain noncollagenous proteins, like 
gelatin and fibronectin. Fibronectin is an extracellular matrix- and cell 
surface-associated glycoprotein that accumulates in site-specific patterns 
during embryogenesis; it appears to accompany differentiation of the osteo-
progemtor cells. In mice calvaría high concentrations of fibronectin are 
present in developing membrane bones, especially in the rapidly proli-
feration region of the "osteogenic induction front" (Hall, 1986b). 
The spatial distribution of osteonectin in the bone matrix of sutures is 
still unknown (Johnson and Hall, 1986). Osteonectin is known to play an 
active role in mineralization. 
Proteoglycans are noncollagenous constituents of bone matrix. They are 
important in connection with the mechanism of mineralization and their role 
is suggested to be inhibitory. A group of small proteoglycans, however, is 
thought to stimulate mineralization. One of these proteoglycans was demon-
strated immunohistologically in newly synthesized osteoid of calvariae of 
18-19 d. fetal or neonatal mice, and in regions of initial mineralization 
(Hall and Decker, 1986). It was also demonstrated in differentiated osteo-
blasts, but not in preosteoblasts of the osteogenic induction front (Hall 
and Decker, 1986). 
It can be concluded that sutural connective tissue fibres in mice, rats and 
rabbits consist mainly of type I collagen. The presence of type III and 
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type V collagen, together with gelatin, fibronectin and certain small 
proteoglycans, also has been demonstrated. They seem to play a role in the 
development of the sutures. Much research must still be performed - for 
example, research on biochemical composition of sutures at different stages 
of their development and on the exact role of the identified constituents 
in mineralization. 
4. TRANSPLANTATION EXPERIMENTS 
In transplantation experiments the natural environment of a suture is 
changed. The new position of the suture may be a nonfunctional (nongrowing) 
site or the suture may become exposed to altered mechanical factors. Trans-
plantation into a nonfunctional site can be achieved by transplanting the 
suture into a fenestra in a bone (Giblin and Alley, 1944; Markens, 1974; 
Oudhof, 1978; Nash and Kokich, 1985) or implantation of the suture into the 
brain (Moss, 1957; Prahl, 1968). 
In most studies in which transplantation into a nonfunctional site was 
performed, the suture initially showed continuous growth at the edges. 
Sometimes premature synostosis was observed (Watanabe et al., 1957). Prahl 
(1968) observed that growth in the implant continued and concluded that the 
suture possesses a high autonomous growth potential. 
In a recent study, Nash and Kokich (1985) observed atrophic changes in 
sutures transplanted to nonfunctional sites, whereas 50% of the transplants 
showed bony fusion across the sutural space. In general, however, bone 
formation was decreased. It was concluded that elimination of normal bio-
mechanical stresses and immobilization lead to atrophic degeneration of the 
connective tissue of transplanted sutures and to premature loss of osteoge-
nic activity. 
Regarding sutural morphology in these 'nonfunctional site' transplantation 
experiments, different observations were made. Moss (1957) and Oudhof 
(1978) observed a change from overlapping into end-to-end forms. Prahl 
(1968) observed the same tendency, but the sutures remained overlapping. 
Markens (1974), however, found that fetal rats (21 days postconception) 
developped more overlap in their sutures in this type of experiment. Possi-
ble factors that may explain these differences are age of experimental 
animals at transplantation, type of operation technique, and occurrence of 
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immunologie reactions. 
When a suture is transplanted into an other sutural region, growth general-
ly is adaptive to the new site (Oudhof, 1978; Engdahl et al., 1978). 
Engdahl et al. (1978) transplanted the coronal suture of young rabbits into 
a defect in the premaxillary-maxillary suture. With vital staining, it 
became evident that the growth rate of the transplanted coronal suture far 
exceeded that of a control coronal suture and was as fast as that of a 
normal premaxillary-maxillary suture. 
Sutural morphology does not always adapt to its new environment. Oudhof 
(1978) observed that the coronal suture remained overlapping when trans-
planted into the sagittal suture region, whereas the sagittal suture 
changed from an end-to-eryi to an overlapping form when transplanted into 
the coronal suture. Engdahl et al. (1978) observed that the coronal suture 
did not become as tortuous as the premaxillary-maxillary suture after 
transplantation. So, the coronal suture seems to be less adaptive than the 
sagittal suture. 
In another experiment a coronal suture was replanted upside down at its 
original site (Markens and Oudhof, 1980). Sutural morphology was changed in 
such a way that the original pars externa became pars interna and the 
original pars interna became pars externa. 
It can be concluded that for a time at least, a suture has an autonomous 
growth capacity. Furthermore, it has been shown that sutural growth is 
adaptive to environmental demands. The same holds true for sutural morpho-
logy, but its response to environmental changes is not fully understood. 
5. TRANSLATION AND TRANSDUCTION OF FORCES 
Altering sutural growth by means of extrinsic mechanical forces requires 
translation of these forces to the suture itself and transduction of these 
forces into cellular activity. In the next section, both processes will be 
discussed. 
Translation of forces to the suture 
Linge (1976) described the translation of forces to the suture following 
application of external mechanical forces. External mechanical forces 
("primary" forces) are absorbed in and transmitted to the craniofacial 
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complex, activating a series of "secondary" forces. They in turn produce a 
series of "mechanical tissue reactions", characterized by tissue displace-
ment, tissue deformation, and Internal stress. These mechanical tissue 
reactions cause changes in the activity of cells and intercellular substan-
ces, which are called "biological tissue reactions". The prime tissue 
response in Linge's experiment was shown to be remodeling of sutural bony 
surface and connective tissue to provide relief from the acting force. 
Changes of the mechanical properties resulting from these tissue responses 
(or from growth) will in turn be expected to change the distribution of 
secondary forces. 
In a clinical study, Isaacson and Ingram (1964) quantified force magnitude 
during rapid expansion with a force-measuring dynamometer. Forces produced 
by an expansion screw caused accumulated loads more than twice as large as 
the original force. Because the force value did not decrease when the 
midpalatal suture opened Isaacson and Ingram (1964) concluded that the 
expansion is counteracted by the entire craniofacial complex. 
These studies demonstrated that it is difficult to characterize the force 
parameters in a suture, due to the complicated translation of the actual 
force to the surrounding structures. 
Transduction of forces into cellular activity 
The mechanism by which forces are transduced into cellular activity is 
still largely unknown. Bassett (1971) suggested that the stimulus for 
mechanically influenced remodeling of bone is largely electrical in nature. 
The stimulus would be the result of the transduction of mechanical energy 
to electrical energy (piezoelectricity). Indeed, it is shown that bone is a 
piezoelectric material (Shamos and Lavine, 1964). A piezoelectric model for 
bone remodeling is presented by Gjelsvik (1973 a and b). 
Results of in vitro experiments using cartilage and bone cells of embryonic 
chick tibiae by Rodan et al. (1975) suggested that distortion of the cell 
membrane by a compressive mechanical force initiates specific events in the 
bone remodeling process through cyclic nucleotide modulation. They observed 
changes in the content of adenosine 3',5'-monophosphate (cAMP) and guano-
sine 3',5'-monophosphate (cGMP), which may play a role as mediators of the 
mechanical effects on bone remodeling. Davidovitch et al. (1976) also 
observed changes in cellular cAMP contents of cells in the periodontal 
tissues during experimental tooth movement. An increase in cAMP was found 
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in the compression areas of the periodontal ligament and a decrease in 
tension areas. Harell et al. (1977) found that mechanical stress causes an 
increased de novo synthesis of prostaglandins (notably PGE2) of cultured 
cells from embryonic rat periosteum, followed by changes in the intracellu-
lar cAMP content - for example an initial rise, followed by a decrease. 
In this section only the main theories on force transduction into cellular 
activity were mentioned. For extensive information on this subject the 
reader is referred to the proceedings of the Kroc Foundation Conference 
(1984) on 'Functional Adaptation in Bone Tissue'. 
6. RESPONSE OF SUTURES TO EXTRINSIC MECHANICAL FORCES IN VIVO 
Clinical orthodontic techniques involve the correction of dentofacial dis-
harmonies by influencing periodontal and sutural tissues with forces exert-
ed by orthodontic or orthopedic appliances. 
Sutural tissue response has been studied mainly in vivo on various types of 
animals of different ages, with use of different forces, and different 
load/deflection rates. These studies mainly provide histologic observations 
of sutural tissue response. 
Short term effects 
Investigations of short-term effects of force application can be divided 
into experiments in which a force is applied directly to a single suture 
and experiments in which a force is applied to the entire maxillary com-
plex. 
.Direct_f£.rçe_a£plication_to £ single suture 
Ten Cate et al. (1977) exerted an expansion force with a spring on the 
sagittal suture of adult rats. The maximal opening of the suture was 2 mm. 
An immediate response consisting of traumatic tears, exudate, death of 
fibroblasts, disruption of collagen fibres, and acute inflammation was 
observed. Although these effects could not always be demonstrated at the 
light microscopic level, they were always visible at the electron microsco-
pic level. Within 3 to 4 days, bone formation was observed at the edges of 
the suture, together with collagen deposition and remodeling of fibro-
blasts. During diminution and cessation of the expansive force (which took 
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place within 2 to 3 weeks) remodeling of the bone and the suture occurred 
until normal morphology was reestablished. 
Several investigators have reported comparable midpalatal suture responses 
following rapid expansion in other animal experiments (Debbane, 1958; 
McCleall et al., 1965; Kawata et al., 1970; Murray and McCleall, 1971; Brin 
et al., 1981). Further histologic evidence of tissue trauma incident to 
rapid expansion, notably minor fractures of bony interdigitations, has been 
presented for monkeys (Linge, 1976) and for human beings (Meisen, 1972). 
The severity of the trauma is related to the increase in sutural width 
which in turn is related to the magnitude of the exerted force (Linge, 1972 
and 1976; Storey, 1973). 
Following force application, bone fornation starts at the bony edges of 
sutures. The newly formed trabeculae reflect the direction of the expansive 
force. Ten Cate et al. (1977) noticed that the first bone, which was formed 
3 to A days after force application, was laid down in lamellae along the 
sutural edges. Debbane (1958) applied expansion forces to the palatal 
suture of full-grown cats. Woven bone was deposited perpendicular to the 
matrix of existing bone. Deposition in the suture was unevenly distributed. 
Linge (1976) observed bone deposition in the palatal suture of monkeys in 
regions in which collagen fibres were ruptured. 
Running and Kylämarkula (1982) transplanted growth cartilages across the 
interparietal suture of 10-day-old rats. These cartiliganous structures 
generated a biomechamcal force of sufficient magnitude to move the parie-
tal bones apart. In contrast to the controls, some of the experimental 
animals showed a lack of bony interdigitation 25 days after the surgical 
procedure. When present, the interdigitations seemed to be in accordance 
with the direction of bone movement. As the experimentally induced widening 
declined, the interdigitation was similar to that of controls. Linge (1976) 
applied moderate compression (0.6 mm in one session) to the midpalatal 
suture of monkeys. During the first 48 hours, close approximation of the 
tips of the bony interdigitations was observed, together with obliterated 
blood vessels, bone fractures, bone resorption, and many cell-free areas 
and cells with pyknotic nuclei between the fibre bundles. After 10 to 20 
days, normal sutural width and morphology were reestablished. Hinrichsen 
and Storey (1968), however, observed sutural fusion 21 days after compres-
sion of the sagittal suture of guinea pigs with a helical spring. 
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Force apjìlicaticm to_tЬе_ед^ге^ maxAilaiX ¿ompl^e^ 
Studies on effects of extraoral protraction and retraction of the maxillary 
complex have provided histologic descriptions of sutural response to both 
tensile and compressive forces (Cutler et al., 1972; Droschl, 1975; 
Kambara, 1977; Nanda, 1978; Brandt et al., 1979; Jackson et al., 1979). An 
analysis of the response of the zygomaticomaxillary suture to anteriorly 
directed forces showed that, because of the complicated threedimensional 
anatomy of the suture and the rotational component of the force system, 
areas of compression and tension were found within the same suture (Nanda 
and Hickory, 1984). 
Elder and Tuenge (1974) applied extraoral high pull traction to the maxilla 
of monkeys. A marked resorption at the surface of the frontozygomatic 
suture perpendicular to the force vector and marked bone deposition at the 
surface parallel to the force vector were noted. 
In conclusion, sutural response to direct or indirect force application can 
be divided into different stages; first, an initial traumatic response 
followed by a period of connective tissue repair. Next, new bone is depo-
sited perpendicular or parallel to the edges of the suture in tension 
areas, while bone resorption takes place in areas of compression. Bone 
deposition at the bony edges takes place in order to reestablish the origi-
nal morphology. 
Long-term eff_e£ts 
Storey (1973) compared the effects of rapid maxillary expansion with slow 
maxillary expansion in rabbits. After rapid expansion the suture was dis-
rupted and interdigitations were lost. Even after 6 weeks of retention 
relapse of the bones was observed. After slow expansion, however, the 
sutural integrity had been maintained and consequently the rate of relapse 
was reduced. 
Jackson et al. (1979) applied anteriorly directed forces to the maxillae of 
young monkeys. They noted that the degree of relapse was proportional to 
the length of the retention period. Tuenge and Elder (1974) applied extra-
oral high pull traction to the maxillae of monkeys. Two weeks after ap-
pliance removal, there was already histologic evidence of reversal lines 
with recent osteoblastic activity. It was shown radiographically that the 
bones had returned to their original positions 6 months after removal of 
the appliance. 
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It is supposed that relapse is influenced by tissue elastic recoil and 
remodeling of bones. Storey (1973) demonstrated that the quality and quan-
tity of bone are important for prevention of relapse after expansion. 
Zimring and Isaacson (1965) demonstrated that, as a result of suture expan-
sion, reaction forces are stored in the skull that tend to induce relapse 
for at least 6 weeks after rapid palatal expansion in human beings. Fur-
thermore, a new balance has to be established with the surrounding tissues 
because otherwise the suture, being an adaptive structure, will cause the 
bones to return to their original positions. 
Van der Linden (1986) has pointed out that the transverse occlusion of the 
teeth in the upper and lower jaws may play a role in prevention of relapse 
after midpalatal suture expansion. When no solid occlusion is reached, the 
bones may very likely relapse to their original positions. 
In conclusion, although the causes are not fully understood, relapse seems 
to be influenced by internal and external factors. Possible internal causes 
are elastic recoil of tissues and reaction forces stored in the skull. An 
external cause may be an unbalance with the surrounding structures, such as 
the lack of a solid dental occlusion. 
Influence .of_a£e 
Brin et al. (1981) compared the midpalatal sutural tissue response to rapid 
expansion in young cats with that in adult cats. The sutures were stained 
immunohistochemically for cAMP and cGMP. The staining intensity for both 
nucleotides was increased in the osteoblasts of the young cats; the osteo-
blasts in the adult cats were only faintly stained. They concluded that 
bone cells of old animals are less responsive to tensile forces than the 
corresponding cells in young animals. Moreover, although the edges of the 
expanded sutures in young animals showed layers of newly deposited bone, 
the same areas in adult animals were either devoid of new bone or showed 
minute amounts of new bone. 
Storey (1955) applied forces to the upper incisor teeth of rabbits, great 
enough to produce rapid maxillary expansion. This caused less bone expan-
sion in young rabbits than in older animals; instead, in older rabbits, the 
forces tended to move the incisor teeth through the buccal cortical plate. 
The studies mentioned above are hard to interpret because the same force 
may result in different magnitudes of force per unit sutural area, which 
may depend on the age of the subjects. In adult subjects forces are trans-
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mitted rauch more to the surrounding tissues because of the firm bony archi-
tecture and forces are divided over a larger sutural area because of the 
interdigitations. 
RESPONSE OF SUTURES TO FORCES IN VITRO 
In in vivo experiments, only the initial force, exerted by an orthodontic 
appliance, is known. The actual force in the sutural tissue is unknown 
because of the presence of surrounding structures. These tissues also may 
strongly influence the load/deflection rate of any orthodontic device. 
In vitro conditions permit the study of a suture isolated from other func-
tional components of the head. In vitro models allow for control of force 
variables like magnitude, constancy, duration, and direction, and for mea-
surement of the resulting biologic sutural response. An autoradiographic 
study of remodeling in the rat calvarium in vitro by Lewis and Irving 
(1970) showed that in general the apposition rate in vitro was not as great 
as in vivo. During 48 hours in vitro, the pattern of remodeling, however, 
was essentially similar to that found in vivo. 
Only a few in vitro studies have been reported in which a force was applied 
to a suture (Meikle et al., 1979; 1980; 1982 and 1984, Hickory, 1982); a 
combined in vivo/in vitro study was reported by Yen et al. (1984). 
Meikle and his colleagues (1979) studied coronal sutures of 1- to 2-day-old 
rabbits. In an organ culture system, a continuous tensile force of 20 to 30 
g was exerted during a period of 4 days. They observed a significant 
increase in suture protein synthesis and in collagen synthesis. However, 
the increase in collagen synthesis took place as part of a general stimula-
tion of protein synthesis, rather than as a specific response to mechanical 
deformation. 
With the same in vitro system, Meikle et al. (1980) demonstrated that 
forces not only stimulated the synthesis of structural proteins, but also 
of the enzymes responsible for their specific hydrolysis. However, this did 
not result in increased degradation of structural proteins due to simulta-
neously increased synthesis of an inhibitor, which complexes with the 
increased amount of enzymes. 
In contrast to this study, the results of Yen et al. (1984) suggested a 
more important role for collagen synthesis, relative to noncollagenous 
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protein synthesis in the biologic response to force. They performed H-
proline labeling in vitro following experimentation in vivo in the inter-
parietal suture of 7-week-old mice. They observed a peak in the rate of 
collagen synthesis in tensile-stressed sutures 3 days after a force appli-
cation of 50 g and significantly higher values were maintained until day 
14. Interestingly, Ilasegawa et al. (1985) measured an increased synthesis 
of noncollagenous proteins in mechanically stretched cultures of calvarial 
bone cells, whereas the amount of collagen synthesis did not differ from 
unstretched cultures. 
Meikle et al. (1980) also reported an 87% increase during the first 24 
hours of incubation in the incorporation of H-thymidme into the DNA of 
stressed expiants. However, during 96 hours there was no significant diffe-
rence with nonstressed control expiants. Furthermore, the DNA content of 
the expiants during the 4 days of the experiment was not significantly 
changed. No relationship was found between mechanical stress in the suture 
and an increase in the cell population. 
In a combined in vivo/in vitro study, Meikle et al. (1982) studied sagittal 
sutures of rabbits (150 to 200 g) on which a continuous tensile force of 
unknown strength was exerted by means of an expansion appliance. Under 
normal conditions sutural fibroblasts synthesize type I collagen, but in 
stressed sutures 20% of the newly synthesized collagen was of type III. 
This level was reached within 24 hours of the onset of tension and remained 
unchanged during the 4-day experimental period. Interestingly, a high 
portion of type III collagen is found also in periodontal tissue (Butler et 
al., 1975) and other tissues that are exposed to intermittent forces. 
Hickory (1982) attached springs to expiants of parietal bones and the 
intervening raidsagittal suture of 2-day-old rats in vitro. The expiants 
were cultured for up to 54 hours. The first increase in width was recorded 
after 3 hours of 0.6 g tensile force and a displacement of nearly 4 mm was 
reached after 54 hours. Slowei and lesser bone displacement was seen with 
0.2 g. A tensile force of 0.2 g increased mesenchymal cell proliferation 
(as measured by 3H-thymidine uptake) in sutural tissue; a force of 0.6 g 
diminished that response. Hasegawa et al. (1985) also reported a signifi-
cant increase in DNA synthesis of mechanically stretched calvarial bone 
cell cultures. 
The results of these in vitro experiments learn that mechanical tensile 
forces stimulate synthesis of structural proteins and of enzymes res-
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ponsible for their specific hydrolysis. Data are conflicting with regard to 
the stimulation ratio of collagen to noncollagenous protein synthesis by 
mechanical forces. Experiments suggest that mesenchymal cell proliferation 
is affected by the magnitude of the applied force. As to the relation of 
force duration to cell proliferation, no definitive conclusions can be 
drawn. 
CONCLUSIONS 
Only a few studies are known in which an attempt was made to quantify the 
relationship between external forces and the resulting tissue response in a 
suture. In most studies the main objectives were to qualify the ultimate 
effect of palatal expansion on the midpalatal suture or to describe the 
effect of extra-oral forces applied to the entire maxillofacial complex, 
including the sutures. 
These effects have been studied in different sutures, in different species, 
and at different ages. The observations were predominantly of comparative 
and descriptive histological nature, and have dealt mainly with soft rather 
than bony tissues. 
Adaptation of sutures to altered functional demands can also be observed in 
transplantation experiments. These studies showed that although a suture 
has the capacity to grow rather autonomously, sutural bone growth is adap-
tive to environmental demands. 
It is understood that an initial traumatic response takes place in the 
sutures after application of a force. Some authors suggest that this res-
ponse gives relief to internal stresses and strains that are induced by 
force application. 
After the initial response, a period of growth of the sutural connective 
tissue takes place. Growth at the bony edges takes place to reestablish the 
original sutural morphology. 
Until now little has been known about the mechanisms by which forces are 
transduced into cellular activity. However, we do know that the response of 
sutural tissues to mechanicïal forces is affected by duration and direction 
of the force, morphology of the suture, and age of the subject. 
It is still unknown whether all sutures react in a comparable manner to a 
given force. It also is unknown as to whether a suture reacts differently 
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to different magnitudes of force. In other words, it is still unknown 
whether (and if so, to what extent) a dose-response relationship exists 
between applied forces and resulting biologic tissue response in a suture. 
An accurate study of the biologic response of a suture to a force system 
requires that all aspects of the force system be identified. In in vivo 
conditions, it seems impossible to control all force variables that may 
influence the force system. The complex morphology of full-grown sutures 
makes it difficult to predict how a force is dissipated in a suture. 
These difficulties in studying the relationship between suture response and 
force system variables in vivo suggest the value of developing an accurate 
in vitro model. Because of the reported traumatic responses, it is impor-
tant to keep the sutural complex in culture under vital conditions for at 
least 1 week. With the aid of such an in vitro model, the existence and 
quality of a relationship between dose and response might be demonstrated. 
Information gathered from experiments in organ culture under such condi-
tions will lead to a better understanding of sutural growth and its regula-
tion. Eventually, this will accomplish improvement of our therapeutic 
strategies. 
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INFLUENCE OF OXYGEN TENSION ON THE GROWTH OF RAT CORONAL SUTURE IN TISSUE 
CULTURE 
SUMMARY 
In an in vitro system coronal sutures of two-day-old rats were cultured up 
to 14 days in a medium based on BGJb. The gas mixture contained either 20, 
50 or 95% oxygen. For the three oxygen tensions vitality of the expiants 
was evaluated histologically and sutural development in vitro was compared 
with sutural development in vivo. 
The results indicated that it is possible to culture coronal sutures up to 
ten days with all three gas mixtures. A gas mixture with 95% oxygen gives 
the best suture development with respect to formation of osteoid and colla-
gen fibres. 
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INTRODUCTION 
Forces applied to the maxillary complex during dentofacial orthopedic 
treatment are supposed to influence the growth of the craniofacial sutures. 
However, our knowledge of the effect of a certain force system on sutural 
growth is still limited. 
For an accurate study of the responses of a craniofacial suture to a force 
system all aspects of the latter have to be identified. Under m vivo 
conditions it seems rather impossible to control all variables that may 
influence the force system. These difficulties suggest the value of deve­
loping an accurate in vitro model (Wagemans et al., 1987). 
Because of initial traumatic tissue responses to application of a force to 
a suture as reported in other studies (Murray and McCleall, 1971; Ten Cate 
et al., 1977; Brin et al., 1981) it seems important that the suture can be 
kept viable in culture for at least one week. In most experiments in which 
sutures have been cultured, the culture period lasted a maximum of four 
days (Lewis and Irving, 1970; Meikle et al., 1979; Yen, Duncan and Suga, 
1983). Little is known about the factors that are important for an optimal 
suture development in vitro. Λ prerequisite is a sufficient supply of nut­
rients. It is generally agreed that vitamin С plays an important role in 
collagen formation in bony tissues. The oxygen tension of the gas mixture 
is also of great importance for collagen formation in vitro. The gas mix­
ture for most systems of bone tissue culture contains 20% 02, 5% C02 and 
75% N2. It is observed that an increase in oxygen tension is accompanied 
not only by an increased rate of oxygen uptake in the tissues (Korayem and 
Goldhaber, 1979), but also by increases in both collagen synthesis and 
degradation (Stern et al., 1966; Gray et al., 1978). Burger et al. (1981) 
reported best results for the culture of mouse embryonic metatarsal bones 
in the presence of 40% 02. In cultures of mature periodontal tissues from 
adult-mouse first mandibular molars the amount of collagen deposition and 
the degree of hydroxylation was increased considerably when the oxygen 
tension was raised to 55% 02. Hyperoxia (95%), however, was found to be 
toxic for both the synthetic and resorptive activities in cultured bone 
(Gray and Hamblen, 1976). In most in vitro studies on suture development 
relatively low oxygen tensions (20%) have been applied (Petrovic et al., 
1968; Reynolds and Dingle, 1970; Meikle et al., 1979; Hickory, 1982), but 
higher oxygen tensions have been used also (Lewis and Irving, 1970; Yen et 
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al., 1983). Table 1 presents tissue culture studies of cranial sutures and 
the length of the culture period and the oxygen tension are denoted. 
The aim of the present investigation is to culture coronal sutures of young 
rats in good vital condition during at least 7 days and to compare the 
effects on sutural development of 20, 50 and 95% oxygen in the gas mixture 
of the culture system. 
MATERIALS AND METHODS 
1. Expiants 
The in vitro experiments were carried out with expiants of coronal sutures 
of ninety, two-days-old Wistar Albino rats. 
Under aether anaesthesia the skin was desinfectcd with ethanol 70% and the 
scalp was stripped with a scalpel and pincets. The right and left coronal 
suture including a part of the adjacent parietal and frontal bone were 
dissected (figure 1). Tissue remnants were removed under a dissecting 
microscope. The left coronal sutures were fixated in Д% buffered formalde­
hyde to serve as control. The right coronal sutures were cultured for 1, 2, 
4, 6, 10 or 14 days. 
Figure 1 
Schematic drawing of rat skull (dorsal view). Dotted lines indicate expiant 
contour. 
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For each combination of a certain percentage 02 in the gas mixture and a 
certain culture period five sutures were cultured, originating from rats of 
different nests. 
Coronal sutures from 18 rats aged 3, 4, 6, 8, 12, 16 days were used to 
study in vivo development. The coronal sutures were collected and fixated 
following the same procedure as described for the left coronal sutures of 
two-days-old rats. 
2. Culture technique 
The expiants were cultured on stainless steel grids (Trowell, 1959). The 
watchglass method of Fell and Robinson (1929) was modified by using dispos­
able organ culture dishes (Falcon Plastics, Division of B.D. Laboratories 
Inc., Los Angeles). To support the explant a stainless steel grid was 
housed in the centrally located "well" containing 1 to 1.5 ml medium (fi­
gure 2). 
Figure 2 
Coronal suture explant on 
stainless steel grid in culture 
dish. 
F = frontal bone, 
Ρ = parietal bone. 
The culture medium consisted of BGJb supplemented with fetal calf serum (15 
ml/100 ml), penicillin (10000 I.E./100 ml), streptomycin (0.1 g/100 ml) and 
hydrocortisone acetate (0.1 mg/100 ml). Ascorbic acid (15 mg/100 ml) was 
added to the culture medium just prior to use. A thin layer of medium 
covered the upper surface of the expiants. The outer ring contained water 
to maintain a high humidity in the atmosphere of the dish. 
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The culture dishes were placed in gas tight jars and every 24 hours flushed 
for one hour with one of the following gas mixtures: 1. 20% 02, 5% C02, 75% 
N2; 2. 50% 02, 5% 0)2, 45% N2; 3. 95% 02, 5% C02. The gas flew through a 
gasline filter and was bubbled in an erlenmeyer filled with water, to get a 
moist atmosphere. Every 24 hours the expiants were slightly moved to pre­
vent the tissues from growing to the grids and the culture medium and the 
gas mixture were changed. 
At the end of the culture period the tissues were fixated in 4% buffered 
formaldehyde for histological processing. 
3. Histology 
After fixation all tissues were decalcified, dehydrated and embedded in 
Paraplast Plus^ (Sherwood Medical, St. Louis, U.S.A.) and serially sec­
tioned at right angles to the suture at 7 μπι. The sections were stained 
with Haematoxylin Eosin or Azan (Lillie, 1965). To enhance comparison, 
histological sections of a cultured suture with its contralateral were 
placed on the same slide. Five sections (interdistance 70 Jim) out of the 
middle part of a suture were placed on a slide. 
4. Photography 
During the culture period the expiants were photographed every 24 hours in 
a standardi7ed way to study changes m macroscopic dimensions (magnifica­
tion 12 x) (figure 2). Tracings were drawn from projections of the photo­
graphic films (magnification 3 x) on transparant paper. 
RESULTS 
The shape of the expiants was studied macroscopically by comparing tracings 
drawn from photographs which were taken each day during the culture period. 
No significant changes in dimensions were found during culture periods up 
to 14 days. Only minor changes in shape were observed at the edges of the 
expiants. Mostly these changes took place at the sharp corner of the fron­
tal bone. 
The expiants were evaluated histologically and compared with the control 
sutures (figure 3). The tissues appeared vital during culture periods up to 
ten days. Cell density decreased in vitro more than in vivo. Pyknotic 
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Figure 3 
a. Coronal suture of a two-days-old control rat (40 x). 
b. Coronal suture of a 12-days-old control rat (40 x). 
decreased in comparison to a. 
c. Detail of b (160 x). Note pyknotic nuclei (—). 
Cell density has 
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Figure 3 
d. Coronal suture cultured for four days. Gas mixture contains 20% 02 
(ДО χ). Cell density decreased compared to a. 
e. Coronal suture cultured for ten days. Gas mixture contains 50% 02 
(40 x). Cell density is lower then a or b. 
f. Detail of e (160 χ). Note pyknotic nuclei (—). 
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Figure Д 
Coronal suture after a culture period of ten days H.E. (40 x) 
a. 20% 02 
b. 50% 02 
с 95% 02 
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nuclei could be seen m vivo as well as in vitro. The tissue vitality of 
expiants cultured at 20, 50 or 95% oxygen was comparable. 
In a pilot experiment it had been shown that osteoid-like tissue which 
could be distinguished using Masson Trichrome staining (Lillie, 1965), also 
could be recognized in H.E. stained sections. Therefore we studied the 
deposition of osteoid-like tissue on the sections stained with H.L·. 
Osteoid was observed in endosteal spaces, m sutures, and on ectocranial 
and endocramal surfaces. Aberrant osteoid formation was seen at the out-
line of the expiant. Sutures remained patent although the distance between 
the bony edges was sometimes very small after ten days in vitro. The amount 
of osteoid increased up to culture periods of ten days. Osteoid formation 
increased markedly from four days onward. These features were found with 
all three yas mixtures. For the first four days the differences in response 
to the different gas mixtures were very small. After ten days, however, 
osteoid formation in the expiants cultured with 95% 02 was more pronounced 
(figure A). 
Collagen fibre formation in the coronal suture was studied with polarized 
light and Azan btaining. Orientation of these fibres was lost within one 
day after explantation. The density of collagen fibres increased during 
culture periods up to ten days. After culture periods of one, two and four 
days in gas mixtures containing 20, 50 or 95% 02 sutures showed identical 
aspects with regard to fibre formation. The intensity of staining and 
polarization was the strongest in sutures cultured for six or ten days with 
95% 02. This indicates that more fibres were formed at 95% 02. 
DISCUSSION 
The results indicate that with this culture system it is possible to keep 
coronal suture expiants of two-days-old rats in vital condition during ten 
days. Best results are obtained with a gas mixture containing 95% 02. 
Only Petrovic et al. (1968) described culturing of cranial sutures for a 
longer period (1A d.). However, they used a modified Rose chamber, which 
makes his technique msuitable for the studying of the influence of mecha-
nical stimuli on the cultured sutures. Other authors (Lewis and Irving, 
1970; Reynolds and Dingle, 1970; Meikle et al., 1979, 1980; Hickory 1982, 
and Yen, Duncan and Suga, 1983) reported culture periods for cranial su-
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tures up to four days (see table 1). From our histological observations, 
however, it became clear that cuituring of rat coronal sutures up to ten 
days is possible. 
Table 1 Studies of cranial sutures in organ culture 
animal age 
rat 5-15 d. p.p. 
rat 7-15 d. p.p. 
rat 19 d. p.c . 
mouse 6 d. p.p. 
rabbit 1-2 d. p.p. 
rabbit 150-200 g 
rat 2 d . p.p. 
mouse 7 w. p.p. 
culture %02 investigators 
period 
(days) 
14 d. 
2 d. 
2 d. 
2 d. 
4 d. 
1/4 d. 
1 d. 
1 d. 
20 
95 
20 
20 
20 
20 
20 
95 
Petrovic et al., 1968 
Lewis and Irving, 1970 
Reynolds and Dingle, 1970 
Reynolds and Dingle, 1970 
Meikle et al., 1979 
Meikle et al., 1980 
Hickory, 1982, Hickory and Nanda, 1987 
Yen, Duncan and Suga, 1983 
Our good results with 95% 02 are in concordance with results obtained in 
cultures of mature periodontal tissues from adult-mouse first mandibular 
molars (Yen and Melcher, 1978). However, hyperoxia was found to be toxic 
for both synthetic and resorptive activities in cultured mouse calvariae 
(Gray and Hamblen, 1976). Burger et al. (1981) reported best results for 
the culture of mouse embryonic metatarsal bones in the presence of 40% 02, 
and Gray et al. (1978) reported on increases in collagen formation and 
resorption in bone cultures with increase of oxygen tensions within the 
physiological range. The discrepancies in the results from the literature 
may reflect differences in culture methods and oxygenation as well as 
differences in tissue type and age at the time of explantation. Also the 
dimensions of the expiants may influence the results of cultunng experi-
ments. In large explants a p02 gradient exists extending from the periphery 
to the center (Yen and Melcher, 1978). In our experiments the thickness of 
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the two-days-old rat calvariae did not exceed 40 jim and therefore the p02 
gradient in the tissues is neglectable. 
Differences in results as reported in the literature also might be due to 
interpretation differences. For example, the occurrence of cell death is 
often used as an indicator for decreasing viability. However, cell death is 
not only observed in vitro but also in vivo. It is involved in cell turn­
over in many healthy adult tissues and is responsible for focal elimination 
of cells during normal embryonic development (Kerr et al, 1972). 
Another feature is the decrease in cell density which is found in cultured 
sutures. However, this was also observed in coronal sutures which were 
implanted in the brain where the cells remained viable (Prahl, 1968). The 
decrease of cell density both in explantation as well as in implantation 
experiments may be due to a change of environmental factors that normally 
stimulate mitosis, and might not be an indication of a decrease in viabili­
ty. 
Cellular activity and especially collagen synthesis will be studied in a 
future experiment using Η-proline incorporation. 
Despite the formation of osteoid, mineralization is slow or non-existent in 
our culture system. Lack of mineralization is generally observed in bone 
cultures using defined growth media. Addition of high proportions of serum 
or fetal extracts produces only minor improvements of calcification. Gerber 
and Jost (1986) observed that after two days of incubation the concen­
tration of ionic calcium was almost two times lower in BGJb medium than the 
concentration of normal (free) serum calcium. It appears likely that cal­
cium supply by the medium is not adequate for tissue mineralization. Os­
teoid formation took place in endosteal spaces, at periosteal surfaces and 
at the ends of the bony edges adjacent to the sutures. Implantation of 
coronal sutures in the brain of young rats leads to comparable results 
(Prahl, 1968). The amount of deposited osteoid is lower than in normal 
circumstances in vivo. Clinical experiments, however, have indicated that 
mechanical forces play an important role in suture developraent. The absence 
of such mechanical stimuli in this culLuring system is maybe responsible 
for the diminished osteoid deposition. Therefore future research will focus 
on the influence of mechanical forces of different magnitude on suture 
development in vitro. 
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DEVELOPMENT OF RAT CORONAL SUTURE IN TISSUE CULTURE 
ABSTRACT 
According to the functional matrix theory sutural development can be in-
fluenced by the growth and function of the surrounding tissues. To elimi-
nate this interaction, coronal sutures of two-days old Wistar Albino rats 
were cultured in vitro, i.e. in a non-functional environment. Sutures were 
cultured during 1, 2, 4, 6 or 10 days. For the study of in vivo development 
coronal sutures were dissected at 2, 3, 4, 6, 8 and 12 days. 
Histological comparison of sutural development in vitro with development in 
vivo revealed that in vitro the increase in overlap of the parietal and 
frontal bone is smaller; the sutural width and the cell density in the 
sutural connective tissue decreases more and the orientation of connective 
tissue fibres is less than in vivo. 
The results of this study show that absence of functional influences causes 
a deviation from the normal development of the coronal suture, thus indica-
ting that growth and function of surrounding structures influence the 
development of sutures. 
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INTRODUCTION 
The growth of the skull is an integrated process of bone deposition and 
resorption and of differentiated proliferation of intervening soft tissues. 
The importance of the sutural bony edges as a site of bone growth has been 
demonstrated repeatedly (Massler and Schour, 1951; Weinmann and Sicher, 
1955; Baer, 1954). Moss (1962) and Van Limborgh (1972) suggest that sutures 
are adaptive joints. In the view of Moss (1962) nonskeletal tissues and 
functioning spaces of the head, like the periosteum and the growing brain, 
act like "functional matrices", which determine skeletal, and consequently, 
sutural growth and morphology. 
Experimental alteration of the normal stress patterns induces changes in 
sutural growth and development (Ten Cate et al., 1977; Running and 
Kylämarkula, 1982). A suture transplanted into an other functional region 
shows generally adaptation of its growth to the new site (Oudhof, 1978; 
Engdahl et al., 1978). 
In most experiments in which transplantation of a suture into a non-func-
tional site was performed, the suture initially showed continuous growth at 
the sutural edges. From her experiments Prahl (1968) concluded that the 
suture possesses a high autonomous growth potential. However, Nash and 
Kokich (1985) observed atrophic changes and a decreased bone formation in 
sutures transplanted Lo non-functional sites. Some of the sutures develop 
premature synostosis in a non-functional environment (Watanabe et al., 
1957; Nash and Kokich, 1985). 
Conflicting results are also reported regarding the sutural morphology 
after transplantation to "non-functional sites". Sutural morphology, how-
ever, does not always adapt to its new environment (Oudhof, 1978; Markens 
and Oudhof, 1980). Moss (1957) and Oudhof (1978) observed a change from 
overlapping into end-to-end forms. Prahl (1968) observed that the coronal 
suture of four days old rats showed only a decrease in overlap. Markcns 
(1974), however, found that coronal sutures of fetal rats (21 days p.c.) 
developed more sutural overlap if transplanted to non-functional sites. 
From the above mentioned studies it remains unclear whether extrinsic 
factors are necessary for growth and morphological development of sutures. 
By eliminating functional forces in vitro culturing of sutures might pro-
vide more clarity in this problem. Although the use of tissue culture 
techniques is reported frequently in investigations of palatal fusion 
74 
(Moriarty et al., 1963; Pourtois, 1968; Smiley and Koch, 1971), only a few 
reports exist on sutural development in vitro. Lewis and Irving (1970) 
observed that the remodelling pattern of rat calvarial expiants grown for 
two days in vitro showed similarity to the pattern found in vivo. Due to 
the short culture period this investigation gives insufficient information 
to decide whether sutures have an intrinsic growth potential. Histologic 
studies of suture vitality in vitro led to the decision of previous inves-
tigators to keep culture periods short (up to four days (Meikle et al., 
1979)). However, we developed an in vitro culturing system permitting us to 
culture coronal sutures up to ten days (Wagemans et al., 1987). This allows 
us to study the in vitro development of coronal sutures for a longer period 
of time. 
The aim of the present investigation is to study the development of coronal 
sutures of two-days old rats grown for 10 days in vitro and to compare this 
development with the in vivo situation. 
MATERIALS AND METHODS 
To study the in vitro development coronal suture expiants of 25 two-day-old 
Wistar Albino rats were cultured during 1, 2, 4, 6 or 10 days. For each 
culture period five sutures were used, deriving from littermates of two 
different nests. To study the in vivo development coronal sutures were 
dissected from 18 rats of 2, 3, 4, 6, 8 and 12 days. For each age three 
sutures were used. Coronal sutures of 15 rats cultured for ten days, were 
used for H-proline autoradiography. 
The rats were anaesthesized with aether, immersed in 70% ethanol for 30 
sec. and transferred to a dissecting dish under sterile conditions. Via a 
midline incision in the scalp the left and right coronal sutures including 
a part of the adjacent parietal and frontal bone were dissected with fine 
scissors. The coronal suture expiants were placed in holding medium, which 
had the same composition as the culture medium. Soft tissue remnants were 
removed under a dissecting microscope. The right suture was brought into 
culture. The left suture was immediately fixated in 4% buffered formalde-
hyde to serve as a control (figure 1). 
The expiants were placed on a stainless-steel grid at the medium-gas inter-
face in a Trowell-type culture dish (Falcon Plastics, Division of 3.D. 
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Figure 1 
Schematic drawing of rat skull (dorsal view). Dotted lines indicate expiant 
contour. 
Laboratories Inc., Los Angeles) containing 1 to 1.5 ml culture medium in 
the centrally located well. The outer ring contained water to maintain a 
high humidity in the atmosphere of the dish. The culture medium consisted 
of the chemically defined medium BGJb supplemented with fetal calf serum 
(15 ml/100 ml), penicillin (10000 I.E./100 ml), streptomycin (0.01 g/100 
ml), hydrocortisone acetate (0.1 mg/100 ml). Culturing took place at 37° С 
in gas-tight jars at an atmosphere of 95% 02/5% C02 (Wagemans et al., 
1987). Every 2Д hours the culture medium was changed and ascorbic acid was 
added (15 mg/100 ml) to the medium just prior to use. The expiants were 
also slightly moved to prevent them from growing to the grids. At the end 
of the culturing period the tissues were fixated in 4% buffered formalde­
hyde for histological processing. Ihe right coronal sutures used for the 
study of in vivo development were collected and fixated following the same 
procedure. 
HistoloKV 
After fixation all tissues were decalcified, dehydrated and embedded m 
Paraplast PlusR (Sherwood Medical, St. Louis, U.S.A.) and serially sec-
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tioned at right angles to the suture at 7 μια. The sections were stained 
with Haematoxylin Eosin or Azan (Lillie, 1965). Polarized light was used to 
study the collagen fibre direction. To enhance comparison, histological 
sections of a cultured suture and its contralateral were placed on the same 
slide. Five sections (interdistance 70 μπι) out of the middle part of a 
suture were placed on one slide. 
Photography 
During the culturing period the expiants were photographed every 24 hours 
in a standardized way on Kodak Technical Pan film 2A15 with a Zeiss Conta-
rex camera mounted on a stereomicroscope (magnification 12 x). 
The area and the perimeter of the expiants were measured from projections 
of the photographic films on a video screen connected to a digitizing 
tablet. Duplicate measurements from duplicate photographic films were cor­
related significantly (r = 0.95 for area measurements and r = 0.98 for 
perimeter measurements (pearson correlation coefficient)). 
Changes in macroscopic shape of the expiants were studied by comparing 
tracings drawn from the projections of the photographic films (magnifica­
tion 3 x) on transparant paper. 
Autoradiography 
After a culture period of ten days 3 ¿iCi/ml L(S-3H) proline (the Radioche-
mical Centre, Amersham, G.B.) was added to the medium of six coronal su-
tures. The incubation period for 3H-proline was 2 hours at 37e C, followed 
by an intensive cold chase in isotope free medium. These expiants were 
fixated in 6.5% glutaaraldehyde in 0.1 M cacodylate buffer and 5% sucrose 
(pH 7,5) at 4° С for 24 hours and subsequently stored in 0.1 M phosphate 
buffer (pH 7.4) for 24 hours at 4°. After dehydration the expiants were 
embedded in LKB-HistoresinR (2218-500)' (LKB-Produkter AB, Bromma Sweden). 
Sections (2 μπι) were cut out of the middle part of the explants. Interdis­
tance of the sections was 80 jim. The sections were dipped in K2 nuclear 
emulsion (Ilford Ltd., Basildon, Essex, G.B.)and exposed for ten days. Then 
the sections were developed for five minutes at 20" С in a solution based 
on НЗВОЗ and Amidol (Merck. Schuchardt Hohenbrunn-MUnchen-BRD) and fixated 
for ten minutes at 20° С in sodiumthiosulphate solution. The sections were 
stained through the emulsion with haeraatoxylin-eosin (Lillie, 1965). 
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Demonstration of tartrate-resistant acid phosphatase 
To demonstrate osteoclastic activity the method described by Van de 
Wijgaert and Burger (1986) was used. With this method it is possible to 
detect tartrate-resistant acid phosphatase (TRAP) which is an indicator for 
osteoclastic activity. Sections of expiants embedded in LKB-Historesin° 
4 ¿im) were preincubated with tartrate/acetate buffer pH 5.5 for four hours. 
After rinsing in Michaelis Veronal buffer (pH 8.5) the sections were incu-
bated with naphthol AS-BI phosphate (Sigma, St. Louis, M.O.) at 37° С for 
two hours. Haematoxylin Eosin staining followed rinsing in aquadest. 
RESULTS 
Photography 
No significant changes were found in area and perimeter of five coronal su­
tures during a culture period of ten days are presented. 
Only minor changes in shape were observed at the edges of the expiants 
during the culture period when the tracings of the expiants were compared. 
HistoloKY 
J)evelo£men_t £f_the_coronal_suti¿re іп_ і\ч) .f.rom_2_to J_2_days^  
In two-day-old rats the frontal and parietal bone overlap each other (fi­
gure 2a), the parietal bone being at the ectocranial side. The overlap 
decreases towards the lateral and medial part of the suture. The bone is of 
a coarse woven type with many osteocytes. The parietal bone appears in the 
sections as one trabecule, the frontal bone forms two or three trabeculae 
with many diploic spaces. 
The sutural connective tissue is highly cellular. The endocranial surface 
and the surface facing the suture of the frontal and parietal bone are 
covered with an epitheloid layer of ovoid osteoblasts. Next to the osteo­
blasts around the anterior-ectocranial edge of the parietal bone and the 
posterior endocranial edge of the frontal bone clusters of fibroblasts were 
observed with larger nuclei and a more dense cytoplasm. These cells are 
most predominant close to the bony edge. Fibroblastic cells superior and 
inferior to these cells are more dispersed. The ectocranial surfaces of the 
frontal and parietal bone show only few osteoblasts. TRAP could seldom be 
demonstrated which implies that there are only a few cells with osteoclas-
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tic activity. Fibres in the sutural connective tissue were predominantly 
parallel to the sutural bony surfaces. Only few oblique fibres connected 
the parietal and frontal bony surface (figure 2d). 
During the ten day period of in vivo development sutural width halves, 
while overlap of the parietal and frontal bone increases approximately ten 
times (figure 2b and 2c). The sutural bones become thicker, this increase, 
however, is about 15 times smaller than the increase of their overlap. In 
the sutural connective tissue pyknotic nuclei could be observed from 2 to 
12 days. The number of cells in which TRAP could be demonstrated did not 
increase throughout the observation period. Cell density decreases in this 
period, in contrast to the collagen fibre bundles which increase in thick-
ness and in density (figures 2e and 2f). The number of fibres obliquely 
crossing the suture from the parietal to the frontal bone also rises. 
Development^ of_the_coronal_suture in_vitrojdurin£ a ten da^ _ culture jieriod 
The sutural edges of the parietal and frontal bone were bend into the 
suture one day after explantation (figure 3a), the following days this 
bending was already diminishing. During and after this period sutural width 
decreased. 
The frontal and parietal bone increased in overlap (figures 3b and 3c). 
However, this increase is only a few times larger than the increase of 
their thickness. The sutural bones increased in thickness by osteoid forma-
tion. 
Osteoid formation took place at the endocranial and ectocranial bony sur-
faces, on the sutural edges and at the bony surfaces facing the suture. 
Some of the histological sections of sutures cultured for ten days showed 
osteoid tissue that nearly contacted the opposite sutural surface. These 
areas could be found at the endocranial or ectocranial bony edge or within 
the suture. In most sections the sutural space remained patent. The diploic 
spaces became largely filled with osteoid tissue. Pyknotic nuclei could 
also be observed throughout the ten day period of in vitro development. 
Cells that could be demonstrated with TRAP were seldom observed. The orien-
tation of the collagen fibre bundles was lost within one day after explan-
tation and did not return after longer culture periods (figures 3d, 3e, 
3f). The density and thickness of these fibres yet increased during the ten 
day culture period. 
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Figure 2 
Development of coronal suture in vivo (magnification ДО χ). The parietal 
bone is on the left, the frontal bone is on the right side of the pictures. 
0 = overlap, W = sutural width. 
a. Age 2 days, H.E. 
b. Age 8 days, H.E. 
c. Age 12 days. Overlap (0) of the sutural bones has increased significant­
ly in comparison to figure a. The distance (W) between the sutural bones 
has decreased. 
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Figure 2 
d. Age 2 days, polarization, thin collagen fibers (CF) are oriented longi-
tudinally . 
e. Age 8 days, polarization, obliquely oriented fibers are visible. 
f. Age 12 days, polarization. 
8] 
Figure 3 
Development of coronal suture in vitro (magnification АО χ). The parietal 
bone is on the left, the frontal bone is on the right side of the pictures. 
a. Section through coronal suture expiant after a culture period of one day 
(age 3 days). Sutural bone edges are bent inward. H.E. 
b. Age 8 days after a culture period of 6 days; cell density is less than 
in vivo. H.E. 
c. Age 12 days after a culture period of 10 days; overlap (0) of the 
sutural bones is less than at comparable age in vivo. Sutural width (W) 
has decreased more than in vivo. 
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Figure 3 
d. Age 3 days after a culture period of one day, polarization; there is no 
distinct orientation of collagen fibers (CF). 
e. Age 8 days after a culture period of 6 days; polarization. 
f. Age 12 days after a culture period of 10 days; polarization; the colla­
gen fibers have still no distinct orientation, their thickness, however, 
increased in comparison to d. 
Ю 
Autoradiography 
At the end of the culture period matrix production could be found with 
incorporation of 3H-proline at ectocranial and endocranial bony surfaces as 
well as in diploic spaces (figure 4). In the sutural connective tissue H-
proline incorporation could be found unless the distance between the oppos-
ing bony surfaces was very small. Autoradiographic grains could also be 
found on the bony surfaces facing the suture and at the ends of the bony 
edges. 
Generally the concentration of autoradiographic grains was higher at the 
periosteal surfaces than in the suture. The concentration of grains was 
higher in the sutural connective tissue and at the ends of the bony edges 
than at the bony surfaces facing the suture. 
Figure 4 
Section of a coronal suture after a culture period of ten days and label-
ling with L(-3H) proline (magnification 360 x). Autoradiographic grains are 
visible in diploic spaces, around the sutural bones in the connective 
tissue and the periosteum. 
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DISCUSSION 
In the present study the rat coronal sutures cultured in a non-functional 
environment showed continued osteoid formation at the bony edges. Growth, 
however, was small in comparison to the growth at sutures in their normal 
functional environment in the rat skull. The same results have also been 
reported when sutures are transplanted in vivo into a non-functional site 
(Moss, 1957; Prahl, 1968; Markens, 197Д; Oudhof, 1978; Nash and Kokich, 
1985). 
Incorporation of H-proline at the end of culture periods of ten days 
showed that collagen synthesis was still existent. Lewis and Irving (1970), 
however, reported that Η-proline incorporation could not be fc^nd after 
culture periods of 2 days in calvanal expiants cultured in vitro. These 
differences may be due to differences in the cultunng system. 
Decrease in cell density was found in cultured sutures as well as in 
implanted sutures (Prahl, 1968) or in transplanted sutures (Nash and 
Kokich, 1985). This decreased cellular density has been reported also as 
age-related changes during the life cycle in situ of the suture (Kokich, 
1976; Persson and Thilander, 1977). This decreased cellularity can be 
caused by a change in nutrition (Prahl, 1968). This decrease may also be 
due to a change of environmental factors that normally stimulate mitoses 
(Wagemans et al., 1987). 
Mesenchymal cell death was found during the development of the coronal 
suture in vivo as well as in vitro. This phenomenon has also been reported 
in the newly formed rat sagittal suture (Ten Cate et al., 1977) and during 
the morphogenesis of the mouse calvanal sutures (FurtwMngler et al., 
1985). Kerr et al. (1972) noted that this kind of cell death is involved in 
cell turnover in many healthy adult tissues and that it is responsible for 
focal elimination of cells during normal embryonic development. 
After isolation of the suture from its normal functional environment no 
continued drifting apart of the bony components was found. This was shown 
macroscopically and histologically by the strong narrowing of sutural 
width. Lack of bony separation has also been reported after autotransplan-
tation of the zygomaticomaxillary suture to the abdomen in the guinea pig 
(Watanabe et al., 1957) or of the coronal suture into the brain of the rat 
(Moss, 1957; Prahl, 1968). The force exerted by sutural tissue proli­
feration as suggested by Massler and Schour (1951), Sicher (1952) and Baer 
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(1954) or by sutural fibre maturation as suggested by Prahl (1968) is 
insufficient to separate the bony edges in a non-functional environment. 
These results indicate that sutural growth is not completely autonomous, 
but depends also on functional stimuli from the environment. On the other 
hand sutural growth is not completely adaptive, since osteoid formation was 
found. 
The results of this study fit within the concept of Van Liraborgh (1972). In 
his opinion sutural growth is controlled by few intrinsic and many local 
epigenetic factors, which originate from adjacent structures of the head 
and cartilages of the skull. Sutural growth would be furthermore influenced 
by local environmental factors such as compressive and tensile forces. 
General epigenetic and environmental factors are thought to play a minor 
role. 
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EFFECT OF TENSILE FORCES ON SUTURAL MORPHOLOGY IN VITRO 
ABSTRACT 
A tissue culture system has been developed to apply light tensile forces of 
defined magnitude to coronal sutures of newborn rats under controlled 
experimental conditions. 
The application of continuous tensile forces to sutures of 2-day-old rats 
led to a decrease in overlap of the sutural bony edges during a ten day 
culture period. Although larger decrease in overlap was observed in the 
higher force levels a clear biological variation was seen between sutures 
to which forces of equal magnitude were applied. 
In control sutures no distinct collagen fibre orientation was found, where-
as with higher force levels a more oblique orientation was found. The 
applied tensile forces have a modelling influence on the deposition pattern 
of osteoid. Osteoid becomes deposited parallel to the direction of bone 
displacement. 
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INTRODUCTION 
Clinical orthodontic techniques involve the correction of dentofacial dis-
harmonies by exerting forces with orthodontic or orthopedic appliances, 
which influence periodontal and sutural tissues. Altering sutural growth by 
means of extrinsic mechanical forces requires transduction of these forces 
to the suture itself and translation of these forces into cellular activi-
ty. For an accurate study of the biological response of a suture to a force 
system all aspects of the force system need to be identified^- . 
In in vivo experiments only the initial force, exerted by an orthodontic 
appliance, is known. The actual force magnitude and direction within the 
sutural tissue is unknown due to the presence of surrounding structures2,3 
which may also strongly influence the load/deflection rate of any orthodon-
tic device. In humans loads produced by activation of an expansion screw do 
not dissipate completely, resulting in residual loads which accumulate with 
every activation and lead to the production of higher total loads^. Since 
the load magnitude does not decrease when the midpalatal suture opened it 
is concluded that the maxillary expansion is counteracted by the entire 
craniofacial complex . 
The difficulties in studying the relationship between force system va-
riables and suture response in vivo suggest the value of developing an 
accurate in vitro model. In vitro models allow control of force variables 
such as magnitude, constancy, duration and direction, and measurement of 
the resulting biological suture response. 
Only a few studies are reported in which a force has been applied to a 
suture in vitro5-10. in these experiments, however, relatively large ten-
sile forces have been exerted. These forces lead to a quick separation of 
the sutural bones in a short time period. Application of tensile forces of 
30 gf to cranial sutures of newborn rabbits causes an expansion of 2 mm 
within 6 hoursö. Tensile forces (0.2 gf) applicated to the sagittal suture 
of two-day-old rats lead to an expansion of 0.7 mm within 2 days?. From 
histological studies of in vivo experiments it is known that traumatic 
tissue responses appear shortly after force application. This traumatic 
tissue response seems to be always present after force application!1. After 
an initial response period of 3 to 4 days a period of growth of the sutural 
connective tissue and of deposition of bone takes place. The severity of 
the trauma and the length of the repair period are related to the increase 
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in sutural width which in its turn is related to the magnitude of the 
exerted forceZ,^ Application of light forces lying within the physiologi-
cal range possibly do not evoke traumatic reactions. 
This traumatic tissue response interferes with the normal biological tissue 
response to forces which makes interpretation more difficult. To study the 
sutural morphology after the initial traumatic reaction, it is important to 
keep the sutural complex in culture under good vital conditions for at 
least one week. In a former study the possibility of keeping coronal su-
tures of the rat vital during culture periods up to ten days was shownl3. 
When the displacement of the sutural bones is small the traumatic tissue 
response is less severe. 
In conclusion, two arguments plead for an in vitro model that works with 
longer culture periods and light forces. Firstly, the use of small forces 
lying within the physiological range perhaps do not evoke any traumatic 
tissue reactions. Secondly, the use of longer culture periods gives the 
tissues the possibility to repair an eventual trauma before the histologic 
response to a certain force is studied. Hence, in this paper we will 
describe an in vitro system for application of very light continuous ten-
sile forces (0.03 - 0.14 gf) to coronal sutures of young rats. 
The objective of this study was to investigate sutural morphology after 
application of light tensile forces. 
MATERIATA AND METHODS 
Organ culture technique 
Two-day-old Wistar Albino rats were anaesthesized with aether, immersed in 
70% ethanol for 30 seconds and transferred to a dissecting dish under 
sterile conditions. Via a midline incision in the scalp the left and right 
coronal sutures including a part of the adjacent parietal and frontal bone 
were dissected with fine scissors. The medial side of the expiants co-
incided with bregma point. The lateral side of the expiants was at a 
distance of 2.9-3.1 mm from bregma on the coronal suture (figure 1). Before 
explantation soft tissue remnants were removed under a dissecting micro-
scope. 
The coronal sutures were cultured at the medium-gas interface in a Trowell-
type culture dish (Falcon PluStics, Division of B.D. Inc., Los Angeles) 
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Figure 1 
Schematic drawing of a rat skull 
(dorsal view). Explanted areas are 
indicated. 
coronal 
suture 
explanted areas- L?J -control 
experimental Lbj 
Figure 2 
Overall view of the force transmitting 
spring 
A. Rigid arm 
B. Flexible arm 
C. Attachment grids 
D. Set-screw 
E. Support 
F. Beaker 
G. Culture dish 
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containing 1 to 1.5 ml culture medium in the centrally located well. The 
outer rins contained water to maintain a high humidity in the atmosphere of 
the dish. The cover of the dish was replaced by a 8.5 cm high beaker. The 
culture medium consisted of the chemically defined medium BGJb (Gibco Ltd. 
Paisley, U.K.) supplemented with fetal calf serum (15 ml/100 ml), penicil­
lin (10,000 I.E./100 ml), streptomycin (0.01 g/100 ml) and hydrocortisone 
acetate (0.1 mg/100 ml). Cultunng took place at 37°C in gas-tight jars at 
an atmosphere of 95% 02/5% С02ІЗ. Every 24 hours the culture medium was 
changed; ascorbic acid was added (15 mg/100 ml) to the medium just prior to 
use. 
Force transmitting spring 
For the application of light continuous forces in vitro to the right coro­
nal sutures a force transmitting spring was developed (figure 2). The 
spring consists of a rigid arm (A) (¿ .045" stainless steel wire) to which 
a flexible arm (B) (¿ .0175" braided wire Rocky Mountain, Denver, USA) is 
soldered. Arm В has an adjustment helical (¿ 4 mm) at the top and a length 
of 6.5 cm. At the ends of both arms two attachment grids (C) were welded. 
The rigid arm (A) is connected with a setscrew (D) to the support (E) 
(<i .045" stainless steel wire). The grids are positioned in the central 
well of the culture dish (G) and the support (E) is located in the outer 
ring of the culture dish. The experimental set-up is covered with a beaker. 
Determination of the force level of all springs was performed with a gauge 
wire (H) (figure 3). The load/deflection curve of this wire was experi-
mentally determined in the vertical plane by loading. The force trans-
mitting spring (AB) is supported against the resting block (F) with its 
rigid arm (A). When the sliding block (G) is moved in the direction of 
arrow 1, the gauge wire (H) will be pushed against the flexible spring arm 
(B). This will lead to a decrease of the distance between A and B, and H 
and I. With the aid of a dissecting microscope it is possible to read the 
values for both distances on line J. As the load/deflection curve for gauge 
H is known it is now possible to determine the load/deflection rate of the 
force transmitting spring. 
The coronal suture expiants were attached to the grids (figure 4) by push-
ing them on little pins. To obtain a parallel displacement of the frontal 
and the parietal bone the coronal suture was located parallel to the grids. 
During the culture period the expiants were placed just below the medium-
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Figure 3 
Standardization table 
A. Rigid arm 
B. Flexible arm 
C. Attachment grids 
D. Set-screw 
E. Support 
F. Resting block for A 
G. Sliding block with gauge wire 
H. Gauge wire 
I. Orientation arm 
J. Orientation line 
1. Movement direction of slide block G 
2. Movement direction of gauge wire H 
3. Movement direction of flexible arm В 
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Figure A 
Horizontal view at the level of the 
attachment grids 
A. Rigid arm 
B. Flexible arm 
C. Attachment grids 
D. Expiant (coronal suture) 
E. Movement direction of left grid 
F. Pins 
gas interface. 
The expiants were subjected for ten days to one of the following continuous 
tensile forces: FO = 0.000 gf; Fl = 0.030 gf; F2 = 0.065 gf; F3 = 0.100 gf; 
F4 = 0.135 gf. For each tensile force 6 sutures, originating from rats of 
different litters, were cultured. 
Control coronal sutures 
The left coronal sutures were cultured for ten days on stainless steel 
grids just below the medium-gas interface. The expiants were slightly moved 
daily to prevent them from growing to the grids. 
Histology 
At the end of the culture period the tissues were fixated in 6.5% glutaar-
aldehyde in 0.1 M cacodylate buffer with 5% sucrose (pH 7.5) at ^"С. To 
prevent distortion of the suturai area the experimental coronal sutures 
were fixated in situ on the attachment grids for 24 hours and then removed. 
Storage took place in 0.1 M phosphate buffer (pH 7.4) for 24 hours at 40C. 
After dehydration the corresponding control and experimental coronal suture 
were embedded together in a teflon mold tray with LKB Uistoresin^ (EKB Pro­
dukter AB, Bromma, Sweden). Sections (4 jam) were cut from the middle part 
of the expiants. Selected sections with an interdistance of 80 μτα were 
stained with Goldner Masson trichrome1¿t. Polarized light was used to study 
the collagen fibre direction. 
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Morphometry 
During the culture period the experimental coronal suture expiants were 
photographed the day of explantation and at 1, 6 and 10 days in culture 
using a dissecting microscope. Separation of the attachment grids was 
measured from projections of the photographic films on a TV screen connect-
ed to a digitizing tablet. The distance of two opposing pins of the grids 
was measured on the day of explantation and at 1, 6, and 10 days in cul-
ture, all sutures were measured twice. 
Sutural overlap of the frontal and the parietal bone was measured from 4 um 
thick histological sections projeced on a TV screen. From each coronal 
suture five sections (interdistance 80 pm) were measured. The separation of 
the parietal and frontal bone was measured parallel to the general direc-
tion of the parietal and frontal bone (distance a) (figure 5). Perpendicu-
lar to distance "a" the sutural width was measured as the vertical distance 
of the tips of both bones to the opposing bone (distance b and c) (figure 
5). 
Figure 5 
Schematic drawing of the coronal suture 
a. Area of overlap of the frontal and the parietal bone 
b. Distance of the tip of the parietal bone to the sutural side of the 
frontal bone 
c. Distance of the tip of the frontal bone to the sutural side of the 
parietal bone 
P. Parietal bone 
F. Frontal bone 
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The mean distances for a, b and с of the experimental coronal suture were 
compared with the mean distances within the control coronal suture. 
For statistical evaluation the Wilcoxon-test and the Spearman rank-correla­
tion test were used. 
RESULTS 
Load/deflection rate 
The load/deflection rates of the springs for the five force groups are 
given in figure 6. The changes in distance of the attachment grids during a 
culture period of ten days are given in figure 7. When no force was applied 
by the force transmitting spring (FO) there was a tendency for the distance 
between the grids to decrease. Application of a force of 0.030 gf (Fl) gave 
an almost stable distance of the grids. The maximum change in distance of 
the attachment grids was found for one spring in group F3 (0.3 mm). This 
means that in that case the force actually declined 0.001 gf i.e. 1% in ten 
days (figure 6). That indicates that the force level keeps almost constant 
during an experimental period of ten days. 
force (grammes) 
distance between grids (mm) 
Figure 6 
The mean load/deflection rate (with 
SD) of the springs as indicated by 
the relationship of the distance 
between the grids (in mm) and the 
force level (in grammes) 
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Mean distance (with SD) between the attachment grids (in mm) during culture 
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HistoloRV 
Ten days after explantation sutural width was larger in experimental than 
in control sutures. In experimental sutures the overlap of the frontal and 
the parietal bone decreased in comparison with control sutures. The de­
crease in overlap was small in group FO, but in group F3 and F4 the overlap 
disappeared almost completely. Between sutures of one force group the 
amount of overlap varied. 
Osteoid was deposited at comparable areas in control and experimental 
sutures. In control sutures osteoid was deposited in a bulky way around the 
Dony edges of the parietal and frontal bone. In experimental sutures, 
however, osteoid was deposited more in the sagittal direction in front of 
the parietal and frontal bony edges. Cell density and type of cells were 
comparable in control and experimental sutures. The cells in the sutural 
connective tissue of control and experimental sutures of group FO and Fl 
were rounded. The cells of the other experimental groups had a more spindle 
shaped morphology and were oriented in the force direction. 
Collagen fibre bundles in the sutural connective tissue were thin in compa­
rison to the fibre bundles in the endo- and ectocranial periosteum. While 
in control sutures no distinct collagen fibre orientation in the sutural 
connective tissue could be found, fibres in the experimental groups were 
oriented from the parietal to the frontal bone more or less perpendicular 
in group FO and oblique in group F4 and F5. At the light microscopic level 
no signs of trauma (e.g. ruptured fibre bundles or high concentrations of 
picnotic nuclei) were found. 
Morphometry 
The microscopic measurements include the distances a, b and с (figure 5) 
ten days after explantation both at the control sutures (no force) and the 
experimental sutures (F0-F4). For each distance the mean value over the 
five sections of one suture is used for further calculations. The mean 
differences between experimental and control side and their standard errors 
are presented in figure 8. The difference in overlap (= a) between experi­
mental and control is negatively correlated with the force (Spearman corre­
lation r = -0.53, ρ = 0.004). This means that the overlap decreases with 
increasing force. For both vertical distances from parietal and frontal 
bone (distances b and c) no such a significant correlation with force was 
found (Spearman correlations 0.12 and 0.20 resp., ρ = 0.50). 
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Although no significant correlation with force could be demonstrated for 
the differences in distance b and c, the combined information over all 
force groups showed a significant higher value of distance b and с in the 
experimental than in the control sutures (Wilcoxon: p < 0.05). 
Figure 8 
Mean differences in distances ()im) within the suture between experimental 
and control sutures 
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DISCUSSION 
An important aspect of this study has been the development of a tissue 
culture system whereby mechanical forces can be applied to coronal sutures 
under controlled experimental conditions. Vertical hang up of the spring 
legs in our model enables a correct positioning of the suture expiant just 
below the medium-gas interface and prevents disturbance of various force 
charcteristics of the tensile force transmitting system, like the load/de­
flection rate. The model of Hickory and Nanda^O was not adequate for our 
study since the springs are lying horizontally in a petn dish, whereby 
legs of different springs cross each other. This set up introduces uncon-
trolable factors that have to be known when very light forces are used. Due 
to a low load/deflection rate of approximately 0.001 gf for 0.3 mm separa­
tion of the attachment grids, force constancy is provided, since the grids 
separated not more than 0.3 mm during a culture period of ten days. 
To avoid traumatic tissue response in the suture, in this study very light 
forces were used. The absence of traumatic signs like picnotic nuclei or 
ruptured collagen fibre bundles at the light microscopic level indicates 
that the tissue response to the applied tensile forces may be interpreted 
as a physiological response and not as a regenerative response!!_ 
The separation of the attachment grids and the decrease m sagittal overlap 
of the parietal and frontal bone vanes not only between the different 
force groups but varies also within the groups themselves. Because of the 
mentioned constancy of the applied tensile forces and the small variation 
in length of the coronal suture in the expiants this variability indicates 
a variation in the biological response of suturai explants to forces of the 
same magnitude. Such a variation of sutural response to force has not been 
mentioned in other in vitro studies8>9,15, Experiments with топкеузіб,17 
suggest that also in vivo a marked variation exists in sutural response to 
constant tensile forces. 
Resistance to separation of the parietal and frontal bone in vitro can only 
be provided by the sutural connective tissue and the endo- and ectocranial 
periosteum. The periostea are probably suited better to resist these forces 
since at the light microscopic level it appears that their collagen fibre 
bundles are thicker and more numerous than the fibre bundles in the sutural 
connective tissue. Furthermore, the fibre bundles of the periostea are 
orientated in the force direction while the sutural connective tissue 
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fibres are orientated obliquely. Variability in the degree of separation at 
a certain force level in vitro at this developmental stage will therefore 
mostly be caused by the periostea. On the basis of our observations we do 
agree that the periostea are important as uniting layers to connect the 
sutural bonesl". 
Osteoid deposited at the bony edges of the suture is laid down parallel to 
the force direction. In control sutures osteoid is deposited over a shorter 
distance and in a more bulky way around the bony tips. The thickness of the 
deposited osteoid layer at the bony edges in experimental sutures is, 
however, smaller than in control sutures. In m vivo experiments, in which 
sutural bones are separated, similar observations have been reportedl9. 
Tensile forces seem therefore to have a modelling influence on osteoid 
deposition. In an autoradiographic study with the same experimental design 
the quantitative aspects of matrix synthesis under the influence of tensile 
forces will be investigated further. 
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EFFECT OF TENSILE FORCES ON OSTEOID SYNTHESIS IN SUTURES IN VITRO 
ABSTRACT 
Coronal sutures of two-day-old rats were exposed to light continuous ten-
sile forces during a culture period of ten days. Osteoid deposition was 
determined by histomorphometry and by autoradiography, measuring incor-
poration of 3H-proline. 
No effect on the total amount of osteoid deposition was found for any of 
the five applied force levels. However, the deposition pattern was modi-
fied: at the parietal edge of the suture osteoid was deposited in a more 
sagittal direction, increasing with higher force levels. In all experimen-
tal groups H-proline incorporation per area was less at the parietal edge 
than at the frontal edge of the suture, which can be explained by the fact 
that the same amount of osteoid has been distributed over a larger area. 
It was concluded that during a ten day culture period light continuous 
tensile forces do not have a demonstrable influence on the total amount of 
osteoid deposition but that they do influence the direction in which 
osteoid deposition takes place. 
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INTRODUCTION 
Today, the concepts of Moss (1972) and Van Limborgh (1972) are of main 
interest for the explanation of sutural growth regulation. For more infor-
mation we refer to a previous article (Wagemans et al., 1987). By means of 
quantitative experiments it is perhaps possible to determine which concept 
is most appropriate to explain sutural growth regulation. 
Only a few data exist concerning the quantitative relationship between 
mechanical forces and suture response. 
For the investigation of a physiologic sutural tissue response, trauma, due 
to application of too heavy forces, has to be prevented. Until now, only 
Hickory and Nanda (1987) have reported on suture response to application of 
forces of 0.2 and 0.6 gf during relatively short culture periods of 54 h. 
In our previous study an in vitro model was described that allows for 
application of forces of 0.03 to 0.14 gf on coronal sutures during a longer 
period i.e. a ten-day-culture period (Wagemans et al., 1987a,b). 
Meikle et al. (1980) studied rabbit coronal sutures to which a continuous 
tensile force of 20 to 30 gf in vitro was applied. No relationship was 
found between mechanical stress in the suture and an increase in cell 
population. Hickory and Nanda (1987) cultured sagittal sutures of two-day-
old rats up to 54 hours. A tensile force of 0.2 gf increased mesenchymal 
cell proliferation; after a force of 0.6 gf mesenchymal cell proliferation 
diminished. Hasegawa et al. (1985) also reported a significant increase in 
DNA synthesis of mechanically stretched calvarial bone cell cultures. 
They also found an increase in the synthesis of noncollagenous proteins. 
The amount of collagenous proteins, however, did not increase in comparison 
to unstretched cultures. Coronal sutures of one to two-day-old rabbits have 
been studied in vitro by Meikle et al. (1979). Application of tensile 
forces of 20 to 30 gf during 4 days caused an increase of noncollagenous as 
well as of collagenous proteins. The increase of collagen synthesis, how-
ever, took place as part of a general stimulation of protein synthesis, 
rather than as a specific response to mechanical deformation. In contrast 
to this study, the results of Yen et al. (1984) suggested a more important 
role for collagen synthesis, relative to noncollagenous protein synthesis 
in the biologic response to force. In a combined in vivo, in vitro study 
they observed significantly higher values of collagen synthesis in tensile-
stressed sutures until day 14 after a force application of 50 gf. 
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The aim of the present investigation was to study the effect of continuous 
forces of different magnitude on osteoid synthesis in the rat coronal 
suture in vitro. 
MATERIAL AND METHODS 
Organ culture technique 
Two-day-old Wistar Albino rats were anaesthesized with aether, immersed in 
70% ethanol for 30 seconds and transferred to a dissecting dish under 
sterile conditions. Via a midline incision in the scalp the left and right 
coronal sutures including a part of the adjacent parietal and frontal bone 
were dissected with fine scissors. The medial side of the expiants coin­
cided with bregma point. The lateral side of the expiants was at a distance 
of 3 ram from bregma on the coronal suture (figure 1). Before explantation 
soft tissue remnants were removed under a dissecting microscope. 
explanted areas 
coronal 
suture 
Ά -control 
LPJ - experimental 
Figure 1 
Dorsal view of rat skull. Explanted 
areas (a and b) are indicated. 
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The coronal sutures were cultured at the medium-gas interface in a Trowell-
type culture dish (Falcon Plastics, Division of B.D. Inc., Los Angeles) 
containing 1 to 1.5 mL culture medium in the centrally located well. The 
outer ring contained water to maintain a high humidity in the atmosphere of 
the dish. The cover of the dish was replaced by a 8.5 cm high beaker. The 
culture medium consisted of the chemically defined medium BGJb (Gibco Ltd. 
Paisley, Scotland) supplemented with fetal calf serum (15 piL/100 mL), 
penicillin (10000 I.E./100 mL), streptomycin (0.01 g/100 mL) and hydro-
cortisone acetate (0.1 mg/100 mL). Culturing took place at 370C in gas-
tight jars at an atmosphere of 95% 02/5% C02 (Wagemans et al., 1987a). 
Every 24 hours the culture medium was changed; ascorbic acid was added 
(15 mg/100 mL) to the medium just prior to use. The total culture period 
was ten days. 
Force transmitting spring 
For the application of light continuous forces m vitro to the right coro-
nal sutures a force transmitting spring was used. This spring consists of a 
rigid and a flexible arm with an attachment grid at the end of both arms. A 
detailed description is given previously (Wagemans et al., 1987b). The 
coronal suture expiants were attached to the grids by pushing them on 
little pins. During the culture period the expiants were placed just below 
the medium-gas interface. The expiants were subjected for ten days to one 
of the following continuous tensile forces: F0 = 0.000 g; Fl = 0.030 g; 
F2 = 0.065 g; F3 = 0.100 g; F4 = 0.135 g. For each tensile force 6 sutures 
were cultured, originating from rats of different litters. 
Control coronal sutures 
The left coronal sutures were cultured for ten days on stainless steel 
grids at the medium-gas interface. The expiants were slightly moved daily 
to prevent them from growing to the grids. 
Histology 
After a culture period of 10 days, six pairs of coronal sutures of each 
force group were fixated ^n 6.5% glutaaraldehyde in 0.1 mol/L cacodylate 
buffer and 5% sucrose (pH 7.5) at 40C. To prevent distortion of the sutural 
area the experimental coronal sutures were fixated in situ on the attach-
ment grids for 24 hours and then removed. Storage took place in 0.1 mol/L 
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phosphate buffer (pH 7.4) for 24 hours at 40C. After dehydration the cor­
responding control and experimental coronal suture were embedded together 
in a teflon mold tray with LKB Historesin " (LKB Produkter AB, Bromma, Swe­
den). Sections (4 μτη) were cut from the middle part of the expiants. 
Selected sections with an interdistance of 80 ¿im were stained with Goldner 
Masson trichrome (Lillie, 1965). 
The osteoid deposition at the parietal and frontal bone was measured from 
the histological sections, projected on a TV screen connected to a digiti-
zing tablet. From each coronal suture five sections were measured. The area 
of osteoid deposition around the parietal and frontal bony edge was mea-
sured between a point at a distance of 200 μπι from the edge of the bone and 
the uttermost point of the osteoid tip (figure 2). The length of the 
osteoid deposition was measured from the edge of the bone to the uttermost 
point of the osteoid tip (figure 2). The mean value was calculated for each 
parameter. All measurements were performed by the same person to eliminate 
inter-observer differences. Intra-observer differences were studied by 
double determination of sections. The correlation coefficient between in­
dependent measurements varied from 0.95 to 0.99. 
For statistical evaluation the Spearman rank-correlation test was used. 
Figure 2 
Sagittal section of rat coronal suture 
pa = measured osteoid area of parietal bone 
fa = measured osteoid area of frontal bone 
pi = measured length of osteoid tip of parietal bone 
fl = measured length of osteoid tip of frontal bone 
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Autoradiography 
After a culture period of ten days 3 pCi/mL L(5- H) proline (Radiochemical 
Centre, Amersham, U.K.) was added to the medium of three pairs of coronal 
sutures of each force group. The incubation period for 3H-proline was 2 
hours at 37° C, followed by an intensive cold chase in isotope free medium. 
The expiants were fixated in 6.5% glutaaraldehyde in 0.1 mol/L cacodylate 
buffer with 5% sucrose (pH 7.5) at 4° С for 24 hours and subsequently 
stored in 0.1 mol/L phosphate buffer (pH 7.4) for 24 hours at 4° С After 
dehydration the expiants were embedded in LKB-HistoresinR (LKB Produktor, 
Bromma, Sweden). Sections (2 pm) were cut out of the middle part of the 
expiants. Selected sections with an interdistance of 160 pm were dipped in 
K2 nuclear research emulsion (Ilford Ltd., Basildon, U.K.) and exposed for 
ten days. Then the sections were developed for five minutes at 20е С in a 
solution based on H3B03 and Amidol (Merck-Schuchardt, Hohenbrunn-Munich, 
FRG) and fixated for ten minutes at 20° С in sodiumthiosulphate solution. 
The sections were stained through the emulsion with haematoxylin-eosin 
(Lillie, 1965). 
Three autoradiographic sections from each suture were studied for grain-
density. An internal grid was used in order to standardize the area exa­
mined in each section. Grain counting was performed over unit areas of the 
grid. In the suture seven zones were distinguished (figure 3). 
Figure 3 
Sagittal section of rat coronal suture 
Areas of grain counting are indicated (1 to 7). 
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Zone 2 and 6 were located in the connective tissue adjacent to the front of 
the parietal and frontal osteoid tip. Zone 1 and 7 were located in the 
connective tissue at the ectocranial respectively endocranial site of the 
parietal and frontal osteoid tip. Zone 3 and 5 were located opposite to 
zone 1 and 7 at the sutural site of the tips. Zone 4 was located in the 
middle part of the sutural connective tissue. In each zone grains were 
counted in five unit areas of the grid. This was repeated for every sec­
tion. The mean of the three sections was calculated for each zone. All 
counting was undertaken by the same person to eliminate inter-observer 
differences. The duplicate measurement error was 1.07 grains. 
The mean differences between control and experimental sutures were statis­
tical evaluated using the t-test. 
RESULTS 
Histology 
Cell density and type of cells were the same in control and experimental 
sutures. The cells in the sutural connective tissue of control sutures and 
experimental sutures of group F0 and Fl were rounded. The cells of the 
other experimental groups had a more spindle shaped morphology and were 
oriented in the force direction. 
In control and experimental sutures osteoid was deposited in comparable 
areas. However, in control sutures osteoid was deposited in a more bulky 
way around the bony edges while in experimental sutures, except for group 
F0, osteoid was deposited parallel to the parietal and frontal bony edges 
(figures A and 5). 
Group F0 and the control group showed no significant differences. The 
effect of tensile forces of different magnitude on osteoid deposition is 
given in table 1. It was found that the length of the osteoid tip of the 
parietal bone increases significantly with increase of the force level (r = 
0.44; ρ <0.01). The length of the osteoid tip of the frontal bone shows no 
significant correlation with the force level nor did the osteoid area of 
the parietal and frontal bone. 
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Figure A 
Sagittal section of rat coronal suture from force group FO. Note the bulky 
deposition of osteoid around both bony edges. Goldner Masson (Original 
magnification 40 x). 
osteoid 
Figure 5 
Sagittal section of rat coronal suture from force group F4. Note the depo-
sition of osteoid in the sagittal direction at the parietal bone. Goldner 
Masson (Original magnification 40 x). 
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AutoradioRraphy 
In control sutures as well as in experimental sutures 3H-proline incorpora­
tion was found in the sutural connective tissue as well as on the bony 
edges of the frontal and parietal bone. 
Table 1 shows the effect of force on the incorporation of 3H-proline. Since 
no differences were found between the force groups the values per area for 
five force levels are taken together. Incorporation of Η-proline is signi­
ficantly less in experimental sutures (p<.0.01) than in control sutures 
for area 2, 3, 4 and 5. The same holds true when the sum of all areas is 
compared. 
Table 2 shows the difference in 'H-proline incorporation in the frontal and 
parietal areas. 
In control sutures there is no significant difference between the incorpo­
ration of 3H-proline around the parietal and frontal bony edge. In experi­
mental sutures, however, incorporation around the parietal bony edge is 
significantly less than around the frontal bony edge (p<_0.05). 
mean SEM Res. t-test 
area 1 0.3 2.0 ns 
area 2 3.8 1.0 ** 
area 3 4.5 1.4 ** 
area 4 4.4 1.3 ** 
area 5 6.1 1.5 ** 
area 6 - 0.9 1.3 ns 
area 7 - 0.7 1.1 
area (1-7) 19.2 3.2 
ns 
Table 1 
Η-proline (grains per area) incorporation in coronal sutures of all groups 
together after culture periods of ten days. The mean difference between 
control and experimental suture is given for three sections of one expiant 
(η = 15). Level of significance: ρ < 0.01 (**) 
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mean SEM Res. t-test 
control -2.2 2.7 ns 
experimental -6.4 2.6 ** 
Table 2 
H-proline (grains per area) incorporation in coronal sutures after culture 
periods of ten days. Mean difference and S M between parietal area (1+2+3) 
and frontal area (5+6+7) for three sections of one expiant (η = 15). 
DISCUSSION 
Histomorphometric data show that application of forces in the range from 
0.003-0.135 gf have no influence on the total osteoid area, i.e. the amount 
of osteoid deposited at the bony edges of the rat coronal suture in vitro. 
However, the direction in which osteoid is deposited along the bony sur­
faces is different for the various force levels. In the higher force levels 
osteoid is deposited in a more sagittal directed way than in the lower 
force levels. This indicates that the suture tries to keep its original 
overlapping form when the bony edges become separated. Since the total 
amount of osteoid does not increase with higher force levels the osteoid 
layers become thinner. In vivo investigations of Storey (1973) indicate the 
same tendency after application of forces which were large enough to pro­
duce rapid maxillary expansion to the upper incisor teeth of rabbits. Bony 
spiculae were formed at the bony edges parallel to the force direction. The 
spiculae were longer and thinner if higher forces were applied. 
When no forces are applied to the suture the growth contribution of the 
parietal and frontal bone are not significantly different. However, in the 
experimental groups the contribution of the parietal bone to the growth in 
sagittal direction is larger than the contribution of the frontal bone. 
This is in accordance with in vivo studies in which vital stains were used 
to gain incremental growth data. Giblin and Alley (1944), Baer (1954), 
Smith and McKeown (1974) reported for the coronal suture of the rat a 
higher growth rate in sagittal direction for the parietal than for the 
frontal bone. These findings suggest that sutures have a certain autonomous 
growth capacity, which can be modified by forces, either normal biomechani-
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cal stress or extrinsic mechanical forces, causing a differentiated growth 
of the bony edges in a suture. 
Our results with Η-proline autoradiography are not in contradiction with 
the in vitro studies of Meikle et al. (1979) and Hasegawa et al. (1985) who 
were unable to find a relationship between the application of tensile 
forces and the synthesis of collagenous proteins. Since the total amount of 
osteoid deposition is equal at both bones and the growth in sagittal direc­
tion is larger at the parietal bone than at the frontal bone tip this 
explains the decreased Η-proline incorporation per surface area at the 
parietal bone. These findings are in contrast to the results of Yen et al. 
(1984) who in a combined in vivo - in vitro study, found an increase in 
collagen synthesis due to application of tensile forces to the sagittal 
suture of 7-weeks old mice. The difference may be explained by the diffe­
rent developmental age of the studied animals and the different experimen­
tal set up. 
From experiments of Vargervik (1985) it was concluded that factors necessa­
ry for osteogenesis are present in a newly vascularized connective tissue 
area which is stabilized by rigid structures such as bone or an oriented 
fibrous tissue layer. A certain degree of tissue stability is a prerequi­
site for osteogenesis. A stabilized soft tissue pocket can be created by 
keeping an area under stable tension. 
This theory may explain the change in deposition pattern of the osteoid in 
the coronal suture which was observed in our experiments: if no external 
forces are applied osteoid is deposited around the original bony edge. 
Application of tensile forces causes a change in deposition pattern, in 
which osteoid is deposited in areas under tension. Vargervik's theory, on 
the contrary, does not fully explain the difference in growth pattern 
between the frontal and parietal bone. 
Concerning sutural growth and its regulation the results of this investiga­
tion support the findings of our previous investigation, in which the 
development of coronal sutures was studied during a ten-day culture period 
in a non-functional environment (Wagemans et al., 1987c). Both studies 
indicate that sutural growth is not totally adaptive as proposed by Moss 
(1972). The in vitro experiments have shown that sutures do have an autono­
mous growth capacity. The growth direction which can be influenced by local 
external forces. Therefore sutural growth and its regulation seem to be 
best explained by the concept of Van Limborgh (1972). 
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GENERAL DISCUSSION 
The present study deals with the growth regulation of the coronal suture. 
It has been carried out in an in vitro system permitting the study of a 
suture isolated from other functional components of the head, thus enabling 
the determination of the intrinsic growth capacity of a suture. Furthermore 
force application to a suture in in vitro models allows for better control 
of force variables like magnitude, constancy, duration and direction, and 
for measurement of the resulting biological sutural tissue response. Two 
questions were asked: 
1. Does the coronal suture express an intrinsic growth potential? 
2. How do various biomechanical stimuli affect the growth and development 
of the coronal suture? 
By placing the results of the present investigation and earlier data in 
perspective, more insight can be obtained in the growth regulation of the 
coronal suture. 
Several concepts exist on the regulation of sutural growth. Sutures have 
been considered as autonomous growth centres by Massler and Schour (1951), 
Baer (1954) and Weinmann and Sicher (1955). Growth would take place by 
exerting a separating force on the bony edges. Prahl (1968) also concludes 
that sutures are active growth centres. In an overlapping suture the fibers 
connecting the ends of the bony edges are orientated obliquely, in a way 
that shortening of these fibres during maturation can cause separation of 
the bony edges of the suture. 
Authors like Giblin and Alley (19A4), Moss (1958, 1972), Young (1959), 
Scott (1962), Moore (1966), Moss and Salentijn (1969) and Hoyte (1975), 
however, believe that a suture is an adaptive growth centre, its activity 
predominantly determined by surrounding structures. In the view of Moss, 
the nonskeletal tissues and the functioning spaces of the head, like the 
periosteal matrix and the growing brain being a capsular matrix, act like 
functional matrices (Moss, 1972), which determine skeletal, and consequent-
ly, sutural growth. 
In the concept of Van Limborgh (1970, 1972), which is a synthesis of 
several earlier theories, sutural growth is controlled by few intrinsic 
genetic and many local epigenetic factors, which originate in adjacent 
structures of the head and the skull cartilages. Furthermore, sutural 
127 
growth is influenced by local environmental factors occurring in the form 
of compressive and tensile forces. General epigenetic and environmental 
factors are thought to play only a minor role. The results of our in vitro 
experiments show that osteoid formation can be observed in a nonfunctional 
environment. This means that coronal sutures express an intrinsic growth 
potential. The bony edges of the suture on the other hand do not become 
separated as occurs in the in vivo situation. This implies that local 
factors are important in the development of the coronal suture as is sup-
posed in the concept of Van Limborgh (1972). 
In our experiments biomechanical stimuli during the development of the 
coronal suture seem to have a modulating influence on the deposition pat-
tern of the osteoid. These forces, however, do not seem to have any in-
fluence on the total amount of osteoid formation. This is in contrast with 
the concept of Van der Linden (1986) who suggests that separation of the 
sutural bony edges can cause accelerated bone growth by enlargement of the 
deposition area for osteoblasts due to the formation of bonespicules. Our 
findings suggest that sutures have a certain autonomous growth capacity, 
however, not the growth amount but only the growth direction can be altered 
by forces. The results are in accordance with the in vitro studies of 
Meikle et al. (1979) and Hasogawa et al. (1985) who were unable to find a 
relationship between the application of tensile forces and the synthesis of 
collagenous proteins. Prahl (1968) also concluded that application of 
different intracranial pressures had only influence on the direction of 
bone deposition at the bony edges of the coronal suture of neonatal rats, 
but not on the total amount of suturai bone deposition. 
From experiments of Vargervik (1985) it was concluded that a certain degree 
of tissue stability is a prerequisite for osteogenesis. A stabilized soft 
tissue pocket formed by the periostea as is the case in our experiments can 
be created by keeping an area under stable tension. This theory may explain 
the change in deposition pattern of the osteoid in the coronal suture which 
was observed in our experiments. Application of tensile forces causes a 
change in deposition pattern in which osteoid is deposited in areas under 
tension instead of around the original bony edge. 
In conclusion we may state that the coronal suture has an intrinsic growth 
capacity. With the application of tensile forces it is possible to modulate 
the growth direction but not the total amount of growth. 
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Our studies indicate that sutural growth is not totally adaptive as pro-
posed by Moss (1972), but that sutures have an intrinsic growth capacity 
which can be influenced by local external forces, as supposed in the con-
cept of Van Limborgh (1972). 
The in vitro force application system as developed in this study offers 
several possibilities for further research. Different force characteristics 
can be studied, such as force direction, force duration, continuous or 
discontinuous application of a given force. It permits detailed investiga-
tions, on the electron microscopic level or on a biochemical level, to 
elucidate the mechanisms by which forces are translated into cellular 
activity. 
Besides the fact that older or younger coronal sutures under in-vitro 
tension can be studied, it opens the way to investigate the effect of 
biomechanical forces on other craniofacial sutures or other bony struc-
tures. 
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SUTURES AND FORCES 
SUMMARY 
The aim of this study was to gain more insight into the growth regulation 
of craniofacial sutures and into the biological response of these sutures 
to extrinsic mechanical forces. 
In chapter 1, a general introduction to the subject of sutures and forces 
is given. For the present investigation the coronal suture of the neonatal 
rat was chosen as a model. The necessity of the development of a culture 
system to enable culture periods of at least seven days and the development 
of a force system to apply defined forces smaller than 0.2 gf were argued. 
A series of in vitro studies was designed to answer the following ques-
tions: 
- Does the coronal suture express an intrinsic growth potential? 
- How do various external mechanical forces affect the growth and develop-
ment of the coronal suture? 
In chapter 2, a review is given on the knowledge of sutural growth and its 
regulation. Morphogenesis of sutures, sutural morphology, both microscopic 
and macroscopic, were described, as well as structure and function of the 
sutural periosteum and secondary cartilages and the biochemical composition 
of sutures. Furthermore, in vivo and in vitro experiments, including trans-
plantation experiments, were discussed with regard to the sutural response 
to mechanical forces. 
In chapter 3, an in vitro system is presented which enabled culturing of 
coronal sutures of two-day-old Wistar Albino rats up to 10 days. For three 
different oxygen tensions vitality of the coronal suture expiants was 
evaluated histologically and sutural development in vitro was compared with 
sutural development in vivo. The best suture development with respect to 
formation of osteoid and collagen fibres was obtained with a gas mixture 
with 95% oxygen. 
In chapter 4, the development of the rat coronal suture in tissue culture 
is described. Coronal sutures of two-days old Wistar Albino rats were 
cultured in vitro, i.e. in a non-functional environment, during 1, 2, 4, 6 
or 10 days. For the study of in vivo development coronal sutures were 
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dissected at 2, 3, 4, 6, 8 and 12 days. 
Histological comparison of sutural development in vitro with development in 
vivo revealed that in vitro the increase in overlap of the parietal and 
frontal bone was smaller; the sutural width and the cell density in the 
sutural connective tissue decreased more and the orientation of connective 
tissue fibres was less than in vivo. It was concluded that absence of 
functional influences causes a deviation from the normal development of the 
coronal suture, thus indicating that growth and function of surrounding 
structures influence the development of sutures. 
In chapter 5, a tissue culture system is described which was developed to 
apply light tensile forces of defined magnitude to coronal sutures of 
newborn rats under controlled experimental conditions. The application of 
continuous tensile forces to sutures of two-day-old rats led to a decrease 
in overlap of the sutural bony edges during a ten day culture period. 
Although a clear biological variation was seen among sutures to which 
forces of equal magnitude were applied, larger decrease in overlap was 
observed in the higher force levels. In sutures on which no forces were 
applied no distinct collagen fibre orientation was found whereas with 
higher force levels a more oblique orientation was found. 
In chapter 6, the influence of light tensile forces on osteoid deposition 
determined by historaorphometry and by autoradiography. No effect on the 
total amount of osteoid deposition was found for any of the five applied 
force levels. However, the deposition pattern was modified: at the parietal 
edge of the suture osteoid was deposited in a more sagittal direction, 
increasing with higher force levels. In all experimental groups 'H-proline 
incorporation per area was less at the parietal edge than at the frontal 
edge of the suture, which can be explained by the fact that the same amount 
of osteoid was distributed over a larger area. It was concluded that during 
a ten day culture period light continuous tensile forces do not have a 
demonstrable influence on the total amount of osteoid deposition but that 
they do influence the direction in which osteoid deposition takes place. 
In chapter 7, the results were placed in a wider context with a view on how 
they may contribute to understanding of sutural growth regulation. It was 
concluded that sutural growth is not totally adaptive; sutures have an 
autonomous growth capacity which can be influenced by local external for-
ces. 
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KRACHTEN EN SUTUREN 
SAMENVATTING 
Het doel van deze studie was het verkrijgen van meer inzicht in de regula-
tie van de groei van craniofaciale suturen en in de biologische respons van 
deze suturen op extrinsieke mechanische krachten. 
In hoofdstuk 1 wordt een algemene inleiding gegeven met betrekking tot het 
onderwerp van suturen en krachten. Het onderzoek werd uitgevoerd met de 
coronale sutuur van neonatale ratten. De noodzaak van de ontwikkeling van 
een in vitro systeem waarin suturen gedurende minimaal zeven dagen gekweekt 
kunnen worden en de noodzaak van de ontwikkeling van een veersysteem om 
gedefinieerde krachten aan te kunnen brengen die kleiner dan 0.2 gf zijn, 
werd besproken. Een aantal in vitro studies werd vervolgens opgezet om de 
volgende vragen te beantwoorden: 
- In welke mate bepalen de intrinsiek genetische faktoren de groei van de 
coronale sutuur? 
- Op welke manier beïnvloeden externe mechanische krachten de groei en 
ontwikkeling van de coronale sutuur? 
In hoofdstuk 2 wordt een overzicht gegeven omtrent de kennis over sutuur-
groei en de regulatie van die groei. Het ontstaan van suturen, de sutuur-
morfologie, zowel microscopisch als macroscopisch werden beschreven, even-
als structuur en functie van het suturale periost en het secundaire kraak-
been en de biomechanische samenstelling van suturen. 
Bovendien werden in vivo en in vitro experimenten, waaronder transplanta-
tie-experimenten beschreven die betrekking hadden op het gedrag van de 
sutuur onder invloed van mechanische krachten. 
In hoofdstuk 3 wordt een in vitro systeem besproken waarmee coronale sutu-
ren van twee dagen oude ratten gedurende tien dagen gekweekt kunnen worden. 
Voor drie verschillende zuurstofspanningen werd de vitaliteit van de coro-
nale sutuurexplantaten histologisch beoordeeld. De sutuurontwikkeling in 
vitro werd vergeleken met de sutuurontwikkeling in vivo. De beste sutuur-
ontwikkeling met betrekking tot de formatie van osteoid en collagene vezels 
werd bereikt met een gasmengsel dat 95% zuurstof bevatte. 
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In hoofdstuk 4 wordt de ontwikkeling van de coronale sutuur van de rat in 
weefselkweek beschreven. Coronale suturen van twee dagen oude Wistar Albino 
ratten werden in vitro gekweekt, dat wil zeggen in een niet functionele 
omgeving, gedurende 1, 2, 4, 6 en 10 dagen. Voor de studie van do in vivo 
ontwikkeling werden coronale suturen uitgeprepareerd op een leeftijd van 2, 
3, 4, 6. 8 en 12 dagen. Histologische vergelijking van de sutuurontwikke-
ling in vitro met de ontwikkeling in vivo toonde aan dat in vitro de 
toename in overlap van het parietale en frontale bot kleiner was, de su-
tuurbreedte en de ccldichtheid in het suturale bindweefsel nam meer af en 
de oriëntatie van bindweefselvezels was kleiner dan in vivo. De afwezigheid 
van functionele stimuli veroorzaakt een afwijking van de normale ontwikke-
ling van de coronale sutuur, hetgeen betekent dat groei en functie van 
omringende structuren invloed heeft op de sutuurontwikkeling. 
In hoofdstuk 5 wordt een weefselkweeksysteem beschreven dat werd ontwikkeld 
om lichte krachten van gedefinieerde omvang te kunnen uitoefenen op coro-
nale suturen van jonge ratten onder gecontroleerde, experimentele omstan-
digheden. Aanbrengen van continue trekkrachten op suturen van twee dagen 
oude ratten leidde tot een afname in overlap van de botranden van de sutuur 
gedurende een tien dagen durende kweekperiode. 
Ondanks een duidelijke biologische variatie tussen suturen waarop krachten 
van gelijke grootte werden aangebracht, werd een grotere afname in overlap 
geconstateerd in de hogere krachtgroepen. In suturen waarop geen krachten 
werden aangebracht, kon geen duidelijke collagene vezeloriëntatie worden 
gevonden, in de hogere krachtgroepen werd echter een meer schuine vezel-
oriëntatie aangetroffen. 
In hoofdstuk 6 is de invloed van lichte trekkrachten op osteoidafzetting 
bepaald door middel van histomorfometrie en autoradiografie. Er werd geen 
verschil gevonden voor de totale hoeveelheid afgezet osteoid tussen de vijf 
aangebrachte krachtniveaus. De afzettingsrichting van het osteoid werd 
echter wel beïnvloed: aan de parietale rand van de sutuur werd osteoid 
afgezet in een meer sagittale richting, toenemend met de grootte van de 
kracht. De hoeveelheid ingebouwd 3H-proline per oppervlakte-eenheid was 
kleiner aan de parietale rand dan aan de frontale rand van de sutuur, wat 
verklaard kan worden door het feit dat dezelfde hoeveelheid osteoid over 
een groter gebied verdeeld was. 
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Concluderend kan worden vastgesteld dat gedurende een tien dagen durende 
kweekperiode lichte continue trekkrachten geen aantoonbare invloed hebben 
op de totale hoeveelheid osteoidafzetting, maar dat ze wel invloed hebben 
op de richting waarin osteoidafzetting optreedt. 
In hoofdstuk 7 werden de resultaten in een breder kader geplaatst om te 
bezien op welke wijze ze kunnen bijdragen tot vergroting van de kennis 
omtrent de regulatie van sutuurgroei. Er werd geconcludeerd dat sutuurgroei 
niet volledig adaptief is. Suturen hebben een autonome groeicapaciteit die 
beïnvloed kan worden door lokale externe faktoren. 
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STELLINGEN 
behorende bij het proefschrift 
SUTURES AND FORCES 
1. De hoeveelheid osteoid die wordt afgezet aan 
de botranden van in vitro gekweekte suturen is 
niet afhankelijk van de grootte van een even-
tueel aangebrachte trekkracht. De richting 
waarin het osteoid wordt afgezet, wordt daar-
entegen wel door de grootte van die kracht 
beïnvloed. 
2. De oriëntatie van de collagene vezels in zowel 
een sutuur als in het parodontale ligament wordt 
bepaald door functionele krachten. 
Maltha J.C.: The process of tooth eruption in 
Beagle dogs. Proefschrift Nijmegen, 1982. 
3. Zowel in vivo als in vitro kan men tijdens de 
ontwikkeling in sutuurweefsel celdood waarnemen. 
Voor de beoordeling van de vitaliteit van dit 
weefsel onder in vitro omstandigheden kan cel-
dood danook niet als enige criterium gehanteerd 
worden. 
4. Experimenten waarbij suturen in vivo getrans-
planteerd worden suggereren dat biomechanische 
krachten van belang zijn voor een normale 
su tuurontwikkel ing. 
Nash S.B. en Kokich V.G.: Acta Anat, 123; 39-44, 1985. 
5. Het uitoefenen van ventrale tractie op de boven-
kaakstructuren bij een Angle kl Ill-afwijking 
veroorzaakt een rotatie van deze structuren. 
De mate van rotatie is afhankelijk van het 
aangrijpingspunt van de kracht, 
Ishii H., Morita S., Takeuchi Y. en Nakamura S.: 
Am. J. Orthod. Dentofac. Orthop. 92; 304-312, 1987 
6. Geforceerde expansie van de mediane palatumsutuur 
na beëindiging van de adolescentie-groeiversnel-
ling is een pijnlijke aangelegenheid. 
7. De eis dat verwijzing voor orthodontische hulp 
van ziekenfondsverzekerden бог hun twaalfde 
levensjaar moet hebben plaatsgevonden, houdt geen 
rekening met het beperkte verband dat bestaat 
tussen de chronologische leeftijd, de gebitsleeftijd 
en de skeletleeftijd. 
8. Adviezen op het gebied van voeding en mondhygiëne 
hebben alleen nut wanneer men de belangstelling 
van de patient voor deze adviezen weet te wekken. 
9. De gevolgen van het Europees landbouwbeleid zijn 
voor een gedeelte van Nederland zuur. 
10.Voor een academische carrière lijkt een hoge score 
in de Science Citation Index belangrijker dan de 
kwaliteit van het onderzoek. 
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